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PREFACE 


This book is concerned more with the description of rocks than with 
probiems of genesis, more with petrography than with the broader 
held of petrology. Considerable space is devoted, nevertheless, to the 
mode of origin of igneous and metamorphic rocks, and even more 
is given to discussion of how sedimentary rocks are formed. We have 
assumed that the reader has already learned how to identify rocks 
by means of the hand lens, and is already acquainted with the prin¬ 
ciples of optical mineralogy. If he has this background, the present 
subject matter may be covered adequately by a year's course of six 
hours laboratory work a week; indeed, by proper selection of rock 
ypes. the student may obtain a satisfactory basis of thin-section 
petrography within a semester. 

tionT* 0 ™ teXU ° f ,his na,ure sccm 10 us to devote too little atten¬ 
tion to sedimentary rocks. This is regrettable, for most students of 

™, y ion°are n T pm ° lcum indus,r ?’ wl >ere problems of sedi- 
iTas mad Param ° um -'"Pur.ance, Lack of space, however, 

as made it necessary to omit all account of the study of sediments 

eL, srr^Sst rsr on ,he muchne ^ d 

n.orphicoririn Fmnr l ° hmt . the im P rint of * meta¬ 

character of manv ipn!* aS,S ** ^ accordin 8 , y* on th e transitional 
y gneous and metamorphic phenomena. 
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PREFACE 


No new rock names have been coined; we have striven, on the 
contrary, to reduce the list as much as possible. Admittedly, some 
rather rare rocks have been allotted as much space as common rocks; 
but the reader should recall that it usually takes as long to describe 
one rock as another, and rare varieties often call for lengthier ac¬ 
count than common ones. In brief, the abundance of a rock is not 
to be measured by the length of its description. 

Most students like to see rocks neatly arranged in tables and charts 
because these provide simple aids to memory. We have included a 
few such aids, but we feel that "pigeonhole classifications" tend to 
give false ideas of exactitude. Our aim throughout has been to lay 
stress on the gradational nature of all rock series and on the arbitrary 
character of all groupings. And because verbal descriptions of rocks 
arc often difficult to assimilate, we have provided abundant illustra¬ 
tions. About half of the rocks that we have figured are from the 
United States, but we have chosen as many examples as possible 
from other regions, particularly Europe. To conserve space for these 
illustrations, we have omitted all references to specialist publications 
not readily available to many students. We have also dispensed with 
lists of localities where particular rocks may be found. On the other 
hand, we have included a list of widely known works in which such 
information is available. 

For various reasons this has not been an easy book to write; we 
hope that it will not be difficult to read. The preparation of an 
introductory text of any kind presents particular difficulties; espe¬ 
cially troublesome are the problems of classification and of what to 
include and what to omit. Few instructors will agree as to the naming 
and grouping of rocks, the order in which they should be taken up, 
or the emphasis with which they should be described; each will be 
guided by his own predilections and the demands of his classes. 

Responsibility for authorship is as follows: Part One, "Igneous 
Rocks," Williams; Part Two, "Metamorphic Rocks," Turner; Part 
Three, "Sedimentary Rocks," Gilbert. All microdrawings were made 
by Williams, except Figure 130, by Professor C. O. Hutton, and 
Figure 113, by Mr. R. S. Creely. 

We are indebted to the following for loan or gift of specimens 
for illustration: Professor J. H. Taylor for a suite of English sedi¬ 
mentary iron ores; Professor Adolph Knopf for lamprophyres from 
the Spanish Peaks, Colorado; Professor Robert Compton for char- 
nockites from Sweden; Professor C. E. Tilley and Dr. S. Agrell for 
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much British and Scandinavian material; Professor H. H. Read and 
Dr. Wallace S. Pitcher for metamorphic rocks from Scotland and Ire¬ 
land; Professor H. H. Hess for Triassic diabases from New Jersey; 
Professor R. T. Prider for leucitic rocks from Western Australia: 
Professor Peter Misch for specimens from China and the Himalayas; 
Professor Bruno Sander for metamorphic rocks from the Austrian 
Alps: and Professor W. H. Mathews for sedimentary rocks from 
Canada. 


Berkrley, California 
August 1953 


HOWEL WILLIAMS 
FRANCIS J. TURNER 
CHARLES M. GILBERT 
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PART ONE 


IGNEOUS ROCKS 




I 



Origin of Igneous Rocks 

Igneous rocks are formed by cooling and solidification of magma- 
that is to say, of hot. mobile rock matter made up wholly or in appre¬ 
ciable part of a liquid phase having the composition of a silicate 
melt A magma may contain a gas phase, or it may consist almost 
wholly of solid, crystalline phases. Metamorphic rocks, on the other 
hand, form in the absence of a silicate melt by recrystallization and 
reaction between minerals that are solid though at high tempera- 
ture. Exchange of ions between minerals and migrating fluid phases 
(usually aqueous gases or solutions) may change the mineral and 
chemical composition as well as the texture of solid rocks, and this 
transformation may take place over a wide range of temperature and 
pressure Alterations of this kind are termed metajomatic. In the 
deeper levels of the earth s crust, igneous and metamorphic phe¬ 
nomena merge imperceptibly; hence many rocks originating there 
present transitional features. Among such rocks are the migmatites. 

Now there can be no doubt that most volcanic rocks are produced 

eated"‘n?T S T' '‘ qUid But ,he ori 8 in ° f ™ny deep- 

oTartl T r< f 5 1S ,r r ° blemat,Ca l- S™' rocks of this kind ap- 

was onl! r ^ by imrUSi ° n ° f mobile rock material that 

It s douhiful T Y m,n0r i eX,e u m ' ,< l Uld al lhe of emplacement, 
ound in n ' H r c eXamP > Wh ,? her man y other than those 

UrTet Ho H t , S,OCkS ' ever ««irely or even 
baiSih i 6 ge0 ' 0g,S,S ,hink ,hat most °f 'hose that form 
,| r °', S "I ' C ° reS ° f ,0 ' d m ° Umains a - metasomatic in origin, 
result of granitization" of pre-existing rocks. Other geologists 
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believe that they probably developed by selective melting of the 
roots of fold mountains built mainly from thick piles of geosynclinal 
sediments. But even if these hypotheses are valid, these batholithic 
granites must be classed as igneous because their intrusive relations 
prove that they were once permeated by a liquid phase, abundant 
enough to impart the mobility requisite for intrusion. 

It is well known that, among volcanic rocks, basalts and basic 
andesites greatly preponderate over other types; and that, among 
plutonic rocks, on the other hand, granites and granodiorites are far 
more plentiful than all others combined. This fact has led to the 
view that volcanic and most plutonic rocks originate from two dif¬ 
ferent primary magmas, even though their compositional range is 
almost precisely the same. According to this concept, volcanic rocks 
and the closely related intrusive rocks forming sills, dikes, ring dikes, 
cone sheets, lopoliths, and laccoliths are derived from a primary 
basaltic magma, supplied from deep-seated shells of basaltic material 
beneath the continents and oceans or formed by partial fusion of 
ultrabasic material at even greater depths. The plutonic rocks of 
batholiths and related intrusions, however, are confined to the con¬ 
tinents, and most of them are thought, by holders of this view, to have 
been derived from a primary granitic magma produced by differen¬ 
tial melting of the lower parts of the sialic crust. Some geologists go 
a step farther, postulating two kinds of primary basaltic magma, one 
a world-encircling shell of simatic (olivine) basalt, which by various 
processes has given rise to alkaline lavas such as trachyte and phono- 
lite, and the other a subsialic (tholeiitic) basalt, supposedly found 
only beneath the continents and perhaps produced by contamination 
of the simatic basalt in contact with the base of the sial. This sub¬ 
sialic basalt is said to give rise in turn to calcalkaline lavas like an¬ 
desite, dacite, and rhyolite. It must be stressed, however, that these 
are no more than working hypotheses meriting fair trial. Recent 
studies, indeed, suggest that tholeiitic basalts are not confined to the 
continents but occur also in mid-ocean, as in the Hawaiian Islands. 
Two other primary magmas have been proposed—namely, the anor- 
thositic, derived from the basic portion of the continental crust, and 
the peridotitic, derived from a world-encircling shell beneath the ba¬ 
saltic ones. The great anorthosite intrusions, mostly of pre-Cambrian 
age, are thought to have been derived from the former, and the huge 
sills of serpentinite common in many fold mountains from the latter. 
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Because further discussion of these views is beyond the scope of this 
book, the reader is referred to the texts listed on page 385. 


Magmatic Evolution 

Primary magmas may be modified in composition to generate a great 
variety of igneous rocks. Let us now consider three ways by which 
this modification is effected. 

Differentiation 

This is a process whereby initially homogeneous magma splits into 
fractions of different composition. Conceivably it might result from 
migration of ions or “molecules" within liquid magma as a conse¬ 
quence of temperature gradients: but this mechanism is probably of 
little importance. A homogeneous melt might divide into two or 
more immiscible fractions; but this mechanism also, save in the rare 
case of sulphide melts, has been shown by laboratory experiments on 
silicate melts to be unimportant in the formation of igneous rocks. 
Another means of differentiation is gaseous transfer. Rising bub¬ 
bles of gas may collect and transport slightly volatile constituents of 
magma from one place to another. But far more important than 
any of the three processes just mentioned is the fractionation of 
magma resulting from crystallization. Certain minerals in igneous 
rocks are normally associated because they crystallize at about the 
same temperature. Olivine and labradoritc are typical associates: so 
are quartz and fayalitc; so are orthoclase and oligoclase. Some 
pairs of minerals, on the other hand, are seldom seen together; 
among these are olivine and albite. and muscovite and labrador' 
ite. These relationships imply fractional crystallization of cooling 
magma. As crystallization proceeds, there is always a tendency for 
equilibrium to be maintained between the solid and liquid phases. 
To maintain this equilibrium as the temperature drops, early crys¬ 
tals react with the liquid and change in composition. The reaction 
may be progressive, so that a continuous series of homogeneous solid 
solutions is produced. In the case of the plagioclase feldspars, for 
instance, the first-formed crystals are those richest in lime; as reac¬ 
tion goes on and the temperature falls, the crystals become progres 
sively more sodic. Changes of this kind constitute continuous reac- 
ion .series. Certain ferromagnesian minerals, on the other hand, as 
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cooling and reaction continue, are transformed at definite tempera¬ 
tures into other minerals, of different crystal structure. Olivine, for 
example, may be transformed into hypersthene, or augite into horn¬ 
blende. Such abrupt changes constitute discontinuous reaction series. 
The diagram below, mainly after Barth's modification of Bowen’s 
original diagram, shows the two principal reaction series. 


Discontinuous Series 

Olivine 

\ 

Pyroxene 

\ (Fe/Mg increasing) 

Pyroxene 

Hornblende 

\ 

Biotite 

\ 

Quartz 

Zeolite 

1 


Continuous Series 
Anorthite 
/ 

Bytownite 

t£ 

Labradorite 

/ 

Andesine 

/ 

Oligoclase 

/ 

Albite 

Potash feldspar 


Water-rich solutions 


Early, high-temperature members of both series generally crystal¬ 
lize together. That is why rocks like gabbro, which contain olivine 
and magnesian pyroxenes. usually contain calcic feldspars. Low- 
temperature minerals likewise tend to go together, so that mica, 
alkali feldspars, and quartz are closely associated in such rocks as 
granite. For the same reason certain minerals tend to be antipathetic; 
thus quartz and bytownite, and orthoclase and labradorite, are sel¬ 
dom seen side by side. 

When reaction between crystals and liquid goes to completion, the 
minerals of the final rock are obviously not those that formed first 
but precisely the opposite ones. But if reaction is incomplete, be¬ 
cause of too rapid cooling or for other reasons, early members of 
both reaction series may persist as relics in the final rock. That is why 
one observes zoned feldspars and crystals of one ferromagnesian min¬ 
eral enveloped by shells of another. 

Now when we consider the two reaction series listed above, cer¬ 
tain variations must be borne in ftiind. Each ferromagnesian mem¬ 
ber of the discontinuous series lias isomorphous varieties, among 



INTRODUCTION 


7 

which those rich in magnesia precede those rich in iron in the nor¬ 
mal order of formation. The magnesia-rich olivine, forsterite, usually 
forms at the same time as lime-rich plagioclase, while crystallization 
of iron-rich olivine, fayalite, is generally delayed until quartz and 
orthoclase are being precipitated. Other factors modify the normal 
sequence. The time when amphiboles and micas appear is affected 
by the ever-changing concentration of volatiles in the magma. Much 
depends also on differences in degree of fractionation in the two re¬ 
action series, for this influences the ratios between the various ele¬ 
ments in the residual liquid. For example, the ratio of alkalies to 
silica plus alumina in the residual liquid is important in determin¬ 
ing whether or not the rock will contain feldspathoids, such as nephe- 
line, or iron-soda silicates, such as aegirite and riebeckite. 

Fractionation of magma by crystallization is accentuated by the 
tendency of heavy minerals to sink and of light ones to float. Crystal 
settling and crystal flotation are therefore important in producing 
variation among igneous rocks. Concentration of olivine and calcic 
feldspars near the bottoms of thick sills and flows testifies to the set¬ 
tling of these early-formed crystals, just as abundance of leucite 
crystals among the first ejecta of some eruptions of Vesuvius testifies 
to upward flotation of that light mineral. An original basaltic magma 
m a volcanic reservoir may become crudely stratified by this process 
so that the kind of lava discharged depends partly on the volume 
extruded and partly on the level of the reservoir tapped by the erup¬ 
tive conduit. Gas streaming is another process leading to differentia¬ 
tion, for bubbles may attach themselves to crystals and buoy them 
upward, or they may cause interstitial liquids to rise. Still another 
process is filter-press action, whereby the last residual liquids in a 
crystal mush are squeezed from one place to another in the magma 
chamber, or migrate into cracks cutting material that has already 
solidified. Such action results from continued upsurge of fresh 
magma, from opening of tension cracks in the walls of the reservoir, 
and from concurrent compression due to earth movements. 

Aarimilation 

Evolution of magma may also be influenced by reaction with wall 
rocks. If magma has a temperature above that at which crystalliza¬ 
tion can begin, it may be contaminated by melting of the reservoir 
walls; it is not probable, however, that this condition is often real¬ 
ized, especially where plutonic magmas are involved. But consider a 
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magma that has already begun to crystallize. Say that it has a granitic 
composition, that crystals of hornblende and oligoclase are already 
separating from the liquid, and that the wall rocks are gabbros com¬ 
posed essentially of augite and labradorite. Now labradorite is an 
earlier member of the continuous reaction series than oligoclase, and 
augite is an earlier member of the discontinuous series than horn¬ 
blende. The magma cannot dissolve either the labradorite or the 
augite, for it is already effectively supersaturated with respect to 
them. What happens instead is a complex reaction whereby these 
foreign minerals are made over into hornblende and oligoclase, min¬ 
erals which are in equilibrium with the liquid at that particular 
time. Consider next a hotter magma from which magnesian olivine 
is crystallizing, and say that the wall rocks again include crystals of 
augite, a later member of the discontinuous reaction series. Under 
these conditions the augite is actually dissolved by the magma; and, 
to supply the requisite latent heat of fusion, an equivalent amount 
of olivine is precipitated from the liquid. What kind of assimilation 
takes place will then depend on what minerals constitute the wall 
rocks and on what minerals are crystallizing from the adjacent 
magma. In any event the magma is contaminated, and the rocks 
ultimately formed from it are of hybrid origin. Such hybrid rocks 
are particularly common near the margins of large plutonic bodies. 
Some diorites, for instance, originate in this way by reaction of gra¬ 
nitic magma with walls of gabbro or limestone. 

Mingling of Magma* 

Hybrid rocks, particularly volcanic and shallow intrusive rocks, 
may also be produced by mixing of partly crystallized magmas. Sug¬ 
gestive evidence comes from the close association within individual 
lava flows of plagioclase phenocrysts of widely different composition, 
many of which seem to be out of equilibrium with the groundmass. 
Examples occur in the San Juan volcanic province of Colorado, 
where basalts, andesites, and rhyolites were erupted in quick succes¬ 
sion from the same or adjacent vents; other examples have been 
noted in volcanic rocks in Japan and California, where rhyolites con¬ 
taining zoned plagioclase phenocrysts with lime-rich cores are closely 
associated with basalts in which the zoned feldspars have soda-rich 
cores. Certain andesitic lavas of Hakone volcano, Japan, exhibit 
reverse zoning of both plagioclase and pyroxene phenocrysts: the 
rims of the plagioclase are more calcic than the cores, and the rims 
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of the pyroxene contain more magnesia and less iron than the cores. 
Such abnormal phenocrysts might be incorporated in lavas by in¬ 
complete assimilation of wall rocks, but their wide and uniform dis¬ 
tribution in many flows is more likely the result of mingling of dif¬ 
ferent magmas before extrusion. Certain welded tuffs in Costa Rica 
consist chiefly of minute particles of glass whose notably different 
refractive indices denote a wide range in composition; and the 
glowing-avalanche deposits of the Valley of Ten Thousand Smokes, 
Alaska, consist of a mixture of white rhyolite pumice and dark, 
andesite scoria produced by effervescence of fresh magmas. Intimate 
admixtures of this kind suggest the simultaneous eruption of hetero¬ 
geneous melts. 


Stages of Consolidation of Magma 

The first minerals to form from magma are usually anhydrous, for 
they develop at high temperature in melts containing only a small 
proportion of volatile (hyperfusible or fugitive) constituents. Such 
minerals are termed pyrogenetic. Their formation leads to relative 
enrichment of the residual liquid in volatile components and hence 
to later formation of hydroxyl-bearing minerals like the amphiboles 
and micas, which are termed hydatogenetic. 

No clear separation can be made between the successive stages of 
consolidation of magma. Many names have been coined for these 
stages, but there is little agreement as to how they should be applied. 
In general, however, the first stage, during which only pyrogenetic 
minerals are formed, is referred to as the orlhomagmatic stage. Some 
writers also include in this stage the period of crystallization during 
which hydroxyl-bearing minerals of low water-content develop. Sub¬ 
sequently, at temperatures of approximately 600-800° centigrade, 
magma enters the pegmatitic stage, during most of which liquid 
(silicate melt), crystalline, and gas (aqueous) phases coexist. Still 
later comes the pneumatolytic stage, when temperatures are approx¬ 
imately 400-600° C. and there is equilibrium between crystals and 
gas. Finally comes the hydrothermal stage, at temperatures of about 
100-400° C., during which equilibrium is maintained between crys¬ 
tals, aqueous solutions, and aqueous gas. 

During the final stages of consolidation of magma the volatile-rich 
residual solutions may induce widespread alterations, so that pre¬ 
existing minerals are veined or replaced by new ones. Such altera- 
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lions are called deuteric or paulopost. They include albitization, 
zeolilization, chloritization, and the development of such quartz- 
feldspar intergrowths as micropegmatite. Commonly, however, these 
alterations are difficult or impossible to distinguish from metaso- 
matic alterations brought about in already solidified rocks by intro¬ 
duction of solutions from extraneous sources. 


Igneous Rock Associations, or Kindreds 

A broad region is called a petrographic province if it contains igne¬ 
ous rocks of approximately the same age that have been derived 
from the same parental magma. In such a province all the rocks, 
whether intrusive or extrusive, have peculiarities, both mineralogi- 
cal and chemical, that set them apart from the rocks of other prov¬ 
inces. For instance, the markedly potassic, leucitic lavas of the region 
around Rome and Naples (Italy), form a petrographic province; so 
do the soda-rich volcanic rocks of Trans-Pecos Texas. 

From the standpoint of the chemist, igneous rock series may be 
divided into four groups based on the ratio of lime to alkalies. If, 
when chemical analyses of the various members of a series are plotted 
on a “variation diagram,” it is found that the weight percentage of 
Na 2 0 plus K 2 0 equals that of CaO when the silica percentage ex¬ 
ceeds 61, the series is termed calcic; if the silica percentage lies 
between 56 and 61 when this equivalence occurs, the series is called 
calc-alkalic; if it is between 51 and 56, alkali-calcic; if it is less than 
51, alhalic. According to this scheme most basalt-trachyte-phonolite 
assemblages constitute alkalic series, while most basalt-andesite- 
dacite-rhyolite assemblages are calcic or calc-alkalic. 

It was recognized long ago that these series are typical of, though 
not confined to, certain regions or tectonic environments. Calcic and 
calc-alkalic series are normally found in orogenic belts, whereas the 
other series are particularly abundant in oceanic areas and in rela¬ 
tively stable continental regions where the principal deformation 
resulted from faulting. Because calcic and calc-alkalic series pre¬ 
dominate in the circum-Pacific belt of fold mountains, they have 
been grouped as the Pacific type; and because the more alkaline 
series are common in and around the Atlantic Ocean, they have been 
classed as the Atlantic type. But this choice of names was unfortu¬ 
nate, for rocks of Atlantic type are widespread among the volcanic 
islands of the mid-Pacific. A further subdivision of the alkaline series 
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was made according to dominance of either potash or soda. The term 
Atlantic” was retained for the soda-rich suites, characterized by the 
association of trachytes and phonolites with basalts; for the potash- 
rich suites the name Mediterranean type was introduced. To this 
latter category belong the lavas of the Roman petrographic province 
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and those of Vesuvius and Stromboli, characterized particularly by 
the presence of abundant potash feldspar or leucite or both. Detailed 
studies have cast much doubt on the idea that these three magma 
types are distinctive of different tectonic environments, for two or 
even all three may develop in the same region. Nevertheless, the 
names merit retention for comparison of igneous suites. 

Since the aim of this book is mainly petrographic rather than 
petrologic, it must suffice to close this chapter with the tentative 
synopsis of magmatic evolution put forward in Turner and Ver- 
hoogen’s Igneous and Metamorphic Petrology and shown on page 11. 
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Textures and Classification 
of Igneous Rocks 


Textures 

It is difficult to draw a clear distinction between the terms structure 
and texture. In general, however, strut ture refers to large-scale fea¬ 
tures recognizable in the held, such as banding, lincation, jointing, 
and vesicularity. Texture, on the other hand, refers to degree of 
crystallinity, grain size or granularity, and the fabric or geometrical 
relationships between the constituents of a rock. These textural fea¬ 
tures cast much light on the conditions under which igneous rocks 
consolidate from their parent magmas, for they are controlled by 
the rate and order of crystallization, which depend in turn upon 
the initial temperature, composition, gas content, and viscosity of the 
magma and the pressure under which it solidifies. 

Consider first the degree of crystallinity. Some igneous rocks, such 
as granite, are composed wholly of crystals and are therefore classed 
as holocrystalline; others, such as obsidian, consist entirely of glass 
and consequently are referred to as holohyaline; others, including 
many lavas and shallow intrusive rocks, contain both glass and 
crystals and are said to be hypocrystalline or merocrystalline. Ex¬ 
tremely minute, incipient crystals, such as are shown in Figure 1, 
are called microlites , provided they are birefringent; if they are even 

smaller, spherical, rod- and hair-like isotropic forms, they are called 
crystallites. 

Consider next the grain size or granularity. In this respect igneous 
rocks vary greatly; some are so fine-grained that individual crystals 
cannot be distinguished separately even with a hand lens, while 
ot ers contain crystals several inches or even several feet in length. 
« most of the constituents are so small as not to be visible to the 
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Figure 1. Rhyolitic Pitchstones with Microlites and Crystallites 

A. Isle of Arran, Scotland. Diam. 1 mm. Phcnocrysts of quartz, augite, and 
magnetite in a glassy matrix crowded with arborescent microlites (scopu- 
lites) of green hornblende, around which the glass is clear. 

B. Meissen, Saxony. Diam. 2 mm. Phenocrysts of quartz with corroded outlines 
and conchoidal fractures, in a matrix of glass showing perlitic cracks. Trains 
of spherical crystallites (globulites) emphasize the fluidal banding. 

C. Turtle Mountains, California. Diam. 1 mm. Hornblende and sanidine pheno- 
crysts lie in a matrix of glass rich in globulites and curved, hairlike crystal¬ 
lites (trichites). 

unaided eye, the rock is called an aphanite, and its texture is said 
to be aphanitic or eucrystalline; rocks of coarser grain are classed as 
phanerites, and their textures are termed phaneritic or dyscrystal- 
line. A roughly quantitative distinction is drawn among rocks com¬ 
posed mainly of grains of approximately the same size. If the diam¬ 
eters of most of the crystals are less than 1 mm., the grain is called 
fine; if they are between 1 and 5 mm., medium; if between 5 mm. 
and 3 cm., coarse; and if more than 3 cm., very coarse. Finally, if 
the crystals of an aphanitic rock are so minute as not to be distin¬ 
guishable even with the help of a microscope, the texture is spoken 
of as cryptocrystalline. 

The degree of crystallinity and granularity of an igneous rock 
reflects its history. Holocrystalline rocks of medium and coarser 
grain are mostly plutonic. They crystallize from bodies of magma 
that were intruded at temperatures below about 800° C. and that 
cooled and lost gas slowly because of their shape or their depth of 
emplacement. During the final stages of consolidation of such mag- 
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mas the residual liquids may be greatly enriched in volatiles, and 
their fluidity may thus be increased to such an extent that enor¬ 
mous crystals develop, especially il a separate gas phase is produced. 
It is from such gas-rich magmas that most of the extremely coarse 
rocks known as pegmatites are formed, Glassy rocks, aphanites. and 
fine-grained phanerites, on the other hand, are usually derived from 
magmas which, though initially hotter than plutonic magmas, solid¬ 
ify and lose gas rapidly because they are under low pressures. Most 
rocks of this character are volcanic or loim small intrusive bodies 
emplaced at shallow depths. The presence of glass resitIrs from ex¬ 
treme undercooling of the magma and a high viscosity, which 
impedes the migration of ions. And Ixrause magmas rich in silica 
and alkalies tend to be more viscous than those poor in silica and 
rich in lime and iron, abundant glass is more often present in such 
lavas as rhyolite, dacite, and trachyte than in basaltic roc ks. F.ven the 
latter, however, may chill rapidly enough to produce glass, Glass of 
any kind is metastable at ordinary temperatures and therefore tends 
to crystallize or devitrify, particularly il affec ted by circulating solu¬ 
tions or if subjected to increased temperatures as a result of deep 
burial, fumarolic action, or reheating by later intrusions. For this 
reason ancient glasses are extremely rare. 

I he careful student will beware of supposing that coarse grained 
igneous rocks are necessarily of deep-seated origin, or that fine¬ 
grained ones are necessarily volcanic, for rate of cooling and con¬ 
tent of volatiles in a magma may be far more important in deter¬ 
mining granularity than is the depth emplacement. The margins 
<>f some plutonic bodies, though never glassy, may be aphanitic. 
Examples are known of shallow dike rocks in which glassy margins, 
produced by sudden chilling of magma against cold walls, enclose 
very coarsegrained material that crystallized from slow-cooling, gas- 
rich magma. In fact, the central part of a thick lava flow may be 
just as coarse-grained as the average granite, even though its crust and 
>ottom consist chiefly of glass. This is particularly true of basaltic 
avas. many of which have textures as coarse as those found in dia- 
>ase intrusions or even in plutonic gabbros. A genetic classification 
m igneous rocks based solely on granularity and degree of crystal 
unity is therefore manifestly impossible. 

Our next concern is with the fabric of rocks—that is, with the 
S iape and mutual relationships between grains, or. in other words. 
W,,h lhc forms of RTains and their manner of articulation. Grains 
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completely bounded by crystal faces are called euhedral, idiomor- 
phic, or automorphic; those devoid of crystal boundaries are called 
anhedral, allotriomorphic, or xenomorphic; and those only partly 
bounded by crystal faces are referred to as subhedral or hypidio- 
morphic. Grains are also characterized by particular habits, such 
as the columnar, acicular, fibrous, tabular, prismatic, cquant, and 
flaky. 

Now the degree to which a grain exhibits crystal outlines depends 
largely upon its place in the order of crystallization. Three rules 
usually apply in determining this order, but none is infallible. First, 
when one mineral is surrounded by another, the enclosing mineral 
is the younger. Second, early crystals are generally euhedral or at 
least more nearly so than later crystals. Third, if both large and 
small crystals occur together, the large ones are those that began 
to develop first. Exceptions to these rules are numerous, and some 
of them may be mentioned here. Interlocking crystals that grow si¬ 
multaneously may happen to be cut in such a way that one appears 
to surround the other. Or, if an early-formed mineral is embayed, 
and its margins partly replaced by another, the younger may, in a 
random section, appear to be enveloped by the older. Again, certain 
early minerals may be corroded by residual magma and so become 
anhedral. Some minerals are enclosed in others, and hence might be 
regarded as older, whereas in fact they are younger, having devel¬ 
oped from occluded drops of liquid, from exsolution of the host 
during cooling, or from liquids that penetrated the host along mi¬ 
nute openings such as cleavage cracks. Particular caution must be 
exercised in examining plutonic rocks, for in these rocks late-stage 
replacements of one mineral by another and unmixing of originally 
homogeneous solid solutions, as a result either of slow cooling or of 
subsequent metamorphism, are widespread. Grain relationships in 
many plutonic rocks may thus be quite misleading as a guide to the 
sequence of crystallization. 

In general, as Rosenbusch pointed out long ago, the normal order 
of crystallization in igneous rocks begins with the minor constitu¬ 
ents (apatite, zircon, sphene, etc.), though some of these may also be 
formed at a late stage by replacement of pre-existing minerals. The 
normal order, according to Rosenbusch, continues with crystalliza¬ 
tion of the ferromagnesian (mafic) minerals, among which the ortho- 
ilicatcs usually antedate the chain and sheet silicates; then the feld¬ 
spars develop, those rich in lime preceding those rich in alkalies: 
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and finally quartz is formed. But this so-called Rosenbusch Rule is 
far from infallible. In diabases and gabbros. for example, plagioclase 
may crystallize before augite or even before olivine, particularly if 
these mafic minerals are present in subordinate amount. There arc 
many rocks, also, in which feldspar, pyroxene, amphibolc, and bio- 
titc crystallize at the same time. Much depends on the relative 
abundance of the minerals and on their composition. 

A better generalization than that embodied in the Rosenbusch 
Rule is that the order of crystallization tends to conform with the 
continuous and discontinuous reaction series of Bowen (page fi). 
Yet here also there are many exceptions. While calcic plagiot lasc, for 
instance, usually precedes sodic plagioc lase in sequence of formation, 
both oscillatory and reverse zoning may be found in individual crys¬ 
tals, and not uncommonly the late-crystallizing grains of plagioclase 
in the groundmass of a rock are more calcic than some of the large, 
early-formed feldspars. Mingling of partly crystallized magmas and 
assimilation of lime-rich wall rocks are two of several possible ex¬ 
planations for such anomalies. It should be remembered, moreover, 
in considering the members of the discontinuous reaction series, that 
each has isomorphous varieties, and that those rich in magnesia usu¬ 
ally antedate those rich in iron. The iron rich olivine fayalite, for 
example, generally forms at a very late stage, often with quartz or 
tridymitc, whereas the magnesia-rich mica phlogopitc usually forms 
at an early stage in basic rocks, along with olivine and highly calcic- 
feldspars. 

We may now continue discussion of fabrics by defining the main 
textural terms applied to igneous rocks. If most of the minerals of 
a rock are approximately cquidimensional or equant, the texture is 
said to be granular. Pegmatites generally have an extremely coarse 
granular texture, most plutonic rocks are coarsely gTanular. and 
many dike rocks and most lavas are finely granular. Three types of 
granularity may be distinguished. If the chief minerals are mostly 
euhedral, the texture is spoken of as patiidiomorphic-granular or 
automorphic-granular, or, because it is best developed among the 
dark, hypabyssal rocks called lamprophyres, as lamprophyric (Fig. 
2B). If almost all of the constituents are anhedral, the texture is 
called allotriomorphic-granular or xenomorphic-granular, or, because 
it is prevalent among aplites. aplitic (Fig. 2C). This texture is also 
called sugary or saccharoidal. But the commonest granular texture, 
by far, is that in which some constituents are euhedral, some sub- 
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Figure 2. Igneous Textures 

A. llypidiomorphic-granular texture in gTanodioritc. Diam. 3 mm. Benton 
Range. Mono County, California. Euhedral and subhedral crystals of green 
hornblende and brown biotite. the latter containing inclusions of apatite and 
secondary sphcnc. Subhedral crystals of plagioclase. and more poorly formed 
crystals of kaolinired orthodase (stippled), with clear, anhedral, interstitial 
patches of quartz. 

B. l'anidiomorphic-granular texture in minette. Diam. 2 mm. Boundary Butte, 
Navajo Reservation, Utah. Euhedral prisms of diopsidc and flakes of zoned 
biotite, in a matrix of kaolinized sanidinc microlites, granular ore, and 
calcitc. 

C. Allotriomorphic-granular texture in granite aplite. Diam. 3 mm. Near Wel¬ 
lington, Nevada. Interlocking anhedral grains of quartz, microcline, ortho- 
clasc, and albite, with accessory hornblende and magnetite. 

hedral, and the rest anhedral. Such a texture is referred to as hy¬ 
pidiomorphic-granular or hypantomorphic-granular, or, because it is 
well exemplified by most granites, as granitic (Fig. 2A). If a texture 
of this last kind is developed only on a microscopic scale, it is 
termed microgranitic. 

Many igneous rocks contain large crystals in a fine-grained or 
glassy matrix, which is sometimes called the mesostasis. Such notably 
inequigranular rocks are called porphyritic or phyric, the large crys¬ 
tals being termed phenocrysts or insets. If the phenocrysts are recog¬ 
nizable to the unaided eye, they are termed megaphenocrysts; if a 
microscope is needed to detect them, they are called micropheno- 
crysts, and the corresponding texture is called microporphyritic. 
Other distinctions are drawn according to the character of the ma¬ 
trix. If the phenocrysts lie in a matrix of glass, the texture is called 
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vilrophyric; if the groundmass is a dense intergrowth of quartz and 
feldspar (fclsite), it is called fclsopliyric; and if. as in many trachytes, 
the groundmass feldspars are not slender laths but have stumpy, rec¬ 
tangular forms, the texture is called orthophyric. Rocks in which the 
phcnocrysts are gathered in distinct clusters are called cumulophyric 
or glomeroporphyrilic (Fig. 9B). 

Porphyritic textures originate in many ways. Magma may begin 
to crystallize slowly at depth, where large crystals can develop, and 
then, before complete solidification, it may be injected between cold 
wall rocks or be erupted at the surface, so that the residual liquid 
crystallizes rapidly to form a fine-grained groundmass or congeals 
almost at once to produce a glassy matrix. There is no justification, 
however, for invoking change in the environment of a crystallizing 
magma to explain all porphyrin; textures. Some are the result of 
continuous crystal I i/at ion under uniform pressure: the early crystals 
grow slowly until a critical stage ol undercooling is reached, and 
then the residual liquid quickly congeals. And in many plutonic 
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Figure 3. Igneous Textures 

A. I'oikilitic texture in hornblende peridotite. Odcnwald. Germany. Diam. 3 
mm. A single crystal o( hornblende encloses rounded granules of serpentin- 
bed olivine and subhedral prisms of fresh diopsidc. 

B. Ophitic texture in basalt. Kauai. Hawaiian Islands. Diam. 3 mm. Large plates 
of pigeonitc partly enclosing laths of labradorite, and granules of olivine 
marginally altered to iddingsite. 

Subophitic texture in basalt. Medicine Lake, California. Diam. 2 mm. Crystals 
of augiic partly enveloping some of the feldspars and partly interstitial be 
tween them. One phenoeryst and abundant small granules of olivine. 
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rocks, particularly siliceous ones, huge phenocrysts (porphyroblasts), 
especially of potash feldspar, are formed at a very late stage by 
metasomatic alteration of earlier constituents. 

In some siliceous igneous rocks, particularly granites, granite peg¬ 
matites, and granophyres, quartz is intergrown with alkali feldspar, 
either through simultaneous crystallization from a eutectic mixture 
or through replacement of one mineral by the other. In these inter- 
growths the quartz is commonly cuneiform, resembling runic in¬ 
scriptions on a background of feldspar. The resultant texture is 
therefore termed graphic (Fig. 4A). Less often, other pairs of min¬ 
erals are thus intergrown. 

Somewhat similar to the graphic intergTowth is the myrmekitic, 
which is characterized by minute worm-like or finger-like bodies of 
quartz enclosed in sodic plagioclase, usually oligoclase. It results 
from replacement of the marginal parts of potash feldspars, especially 
in contact with plagioclase, owing to late magmatic or post-consoli¬ 
dation reactions. 

In some rocks, especially gabbros, diabases, and basalts, laths of 
plagioclase may lie in a matrix of coarse subhedral augite or pigeon- 
ite, so that in thin sections the feldspar laths, whose average length 
does not exceed the diameters of the pyroxene grains, appear to be 
largely or entirely enclosed in pyroxene. Such intergrowths arc 
called ophitic (Fig. 3B). If the average length of the plagioclase 
laths exceeds that of the pyroxene grains, and the latter only partly 
enclose a number of the former, the texture is subophitic (Fig. 3C). 
Where glass takes the place of pyroxene, the texture is called hyalo- 
ophitic (Fig. 5C). 

Rocks in which numerous grains of various minerals in random 
orientation are completely enclosed within large, optically continu¬ 
ous crystals of different composition are said to have a poikilitic tex¬ 
ture (Fig. 3A). Such rocks may have a mottled luster. In many acid 
plutonic rocks, plates of potash feldspar enclose abundant laths of 
plagioclase, and in some ultrabasic rocks, like the peridotite of Fig¬ 
ure 3A, plates of hornblende surround ovoid granules of olivine 
and pyroxene. This arrangement may develop during normal crystal¬ 
lization of magma, or it may result from post-magmatic alterations, 
as it did in the peridotite just mentioned. 

Closely allied to the poikilitic texture in mode of origin are the 
coronas, or reaction rims, that envelop some minerals in igneous 
rocks. Olivine, the earliest member of the discontinuous reaction 
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Figure 4 . Igneous Textures 

A. Micrographic texture in granophyre. Rosskopf, Vosges, Germany. Diam. 2 mm. 
Cuneiform intergrowth of quartz and kaoli.iizcd orthoclasc. In lower part 
of section are granules of magnetite and Hakes of hematite and lithium mica. 

B. Kelyphitic riins around green spinel in troctolite. Quebec. Diam. 2 mm. 
In upper part of section, green spinel is included in pyrope garnet; in lower 
part, the spinel is enveloped by a rim of anthophyllitc and pale phlogopite, 
surrounded in turn by a radiating fibrous intergrowth of tremolite and actino- 
litc. These rims result from reaction between the spinel and the labradorite 
that makes up the rest of the section. 

C. Kelyphitic rim around olivine in gabbro. Quebec. Diam. 2 mm. The olivine is 
enclosed by a shell of hypersthene, around which is a second shell composed 
of actinolite and green spinel. The rest of the section consists of labradorite. 

series, may be surrounded by later members, such as pyroxene or 
amphibole, owing to incomplete reaction of the olivine with the 
melt in which it was temporarily suspended. Or coronas may be 
formed by post-magmatic reactions between adjacent minerals, in¬ 
duced either by deuteric solutions or by still later low-grade meta¬ 
morphism. Many of these secondary coronas, sometimes distinguished 
as kelyphitic rims, are marked by concentric shells with a radial 
fibrous texture. Rims of this kind are especially common in basic 
and ultra basic rocks (Fig. 4BC). In some troctolites, for example, 
kernels of olivine arc enveloped by jackets of orthopyroxene or am¬ 
phibole or both, which are wrapped, in turn, by shells of green 
amphibole and spinel. These rims are produced by reaction between 
olivine and calcic feldspar. Similar concentric fibrous rims may be 
observed around grains of pyrope garnet in some ultrabasic rocks. 

In many lavas and hypabyssal rocks, especially basalts and diabases. 
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Figure 5. Igneous Textures 

A. Intergranular texture in picrite basalt. Kilauea, Hawaii. Diam. 2.5 mm. Cor- 
roded plienocrysts of olivine rimmed with magnetite and hematite in an 
intergranular matrix composed of laths of labradorite and interstitial grains 
of augite and pigeonitc. 

B. In terser tal texture in tholeiitic diabase. Northumberland. England. Diam. 
2 mm. Augite and labradorite occur in ophitic intergrowth; between them 
are irregular pools of dark-brown glass. 

C. Hyaloophitit texture in basalt. Pcdrcgal. Mexico. Diam. 2 mm. Olivine, green 
diopsidic augite. and laths of labradorite lie in a matrix of dark, iron-rich 
glass. 

the angular interstices between the feldspars are occupied by ferro- 
magnesian granules, usually olivine, pyroxene, or iron ore, of ran¬ 
dom orientation. The resultant texture is called intergranular (Fig. 
f>A). Or the interstices may be filled with glass, cryptocrystalline 
material, or non-granular deuteric and secondary minerals, such as 
serpentine, nontronite, chlorophaeite, chlorite, calcite, zeolites, and 
sodalite; the texture is then called intersertal (Fig. 5B). And just as 
the intergranular texture grades into the subophitic when pyroxenes 
begin to mold themselves around the ends of the feldspars, so does 
the intersertal texture merge into the hyaloophitic as the glass and 
non-granular minerals begin to envelop the feldspars. Intersertal 
texture also grades into the so-called hyalopilitic texture, typical of 
many lavas, in which glass occupies minute interspaces between 
microlites of feldspar in haphazard orientation (Fig. 6C). 

The holocrystalline matrix of some dense rocks consists of tightly 
appressed microlites, generally of feldspar, interwoven in irregular 
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Figure 6. Igneous Textures 

A. I rachyiic texture in trachyte. Castello d'lsdiia. Italy. Diam. 2 mm. Phcno- 
trysts of sanidinc and of golden-yellow, oxidized acgirinc-augitc, in a lluidal 
groundmass of sub-parallel sanidinc laths with intergranular aegirine-augitc, 
aegiritc, anti iron ore, plus accessory apatite anti sphenc. Many triangular and 
polygonal spaces between the sanidinc laths are occupied in intersertal 
fashion by analcitc or sodalite. 

H. Pilotaxitic texture in hypersthene andesite. Mount Rainier, Washington. 
Diam. 2 mm. I'henocrysts of hypersthene anti labradorite, in a groundmass of 
andesine mitrolites with interstitial "cryptofelsite" and specks of augite and 
iron ore. The lluidal banding is much less pronounced than in rocks of 
trachytic texture. 

C. Hyalopilitic texture in pyroxene tlacite, Weiselberg, Rhenish Prussia. Diam. 
2 mm. Phcnocrysts of labradorite. together with mitrolites of andesine oligo- 
clasc and slender prisms of pigeonite of random orientation, in a matrix 
of clear brown glass. 


fashion. Such a groundmass is called jelly or felted. If, as in many 
andesites and trachytes, the crowded microlitcs of feldspar arc dis¬ 
posed in a sub-parallel manner as a result of flow and their inter¬ 
stices are occupied by micro- or crypto-crystalline material, the 
texture is called jtilotaxilic (Fig. 6B) or trachytic (Fig. 6A). 

Expanding gases in lavas and shallow intrusions often form cav¬ 
ities or vesicles. Usually these vesicles are spherical or ovoid, or have 
arcuate outlines, but many arc highly irregular. They may subse¬ 
quently be filled with dcuteric or secondary minerals, such as opal, 
chalcedony, chlorite, calcite, and zeolites, to form amygdules. Fea¬ 
tures ol this kind are never found in plutonic rocks. These, how 
ever, may contain irregular cavities, often an inch or more across. 
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into which large subhedral and euhedral crystals project. These are 
referred to as drusy or miarolitic cavities. Cavities of a still different 
sort characterize the diktytaxitic texture, seen in some lavas and 
pyroclastic rocks. This results from the presence of abundant, closely 
spaced, minute, angular cavities between laths of feldspar of random 
orientation. The cavities are shaped like those of the interstitial areas 
in rocks with an intersertal texture, and bear no definite relation to 
the arrangement of the enclosing feldspars. And whereas the crystals 
projecting into miarolitic cavities are generally larger than those of 
the surrounding rock and often of different composition, the feld¬ 
spars bordering cavities in rocks with diktytaxitic texture are of the 
same size and composition as in the areas between the cavities. 

In siliceous lavas and shallow intrusive rocks, particularly those 
rich in glass, radial aggregates of acicular and fibrous minerals are 
common. These are known as spherulites (Fig. 39B). Some are actu¬ 
ally spheroidal; others, owing to mutual interference during growth, 
are polygonal; others, qualified as axiolites, are elongated or coalesce 
along a central axis; still others have quite irregular outlines. A few 
of these spherulites are composed entirely of feldspar, but most of 
them are intergrowths of quartz or tridymite with orthoclase, sani- 
dine, or sodic plagioclase. No doubt many of these radial aggregates 
result from devitrification of glass around scattered nuclei, but gen¬ 
erally they are formed by rapid crystallization of viscous magma, and 
some of them must have been formed before the lavas ceased to flow. 
Spherulitic texture is exceptional among basic rocks. It may be seen, 
however, in some basalts and diabases, especially in flows marked by 
pillow structures and in the glassy margins of dikes and sills. These 
radial or sheaf-like bodies in basic rocks are called varioles (Fig. 
15C), and the resulting texture is called variolitic. Varioles usually 
consist of divergent plagioclase fibers, with or without interstitial 
glass, or of plagioclase fibers intergrown with granules of pyroxene, 
olivine, or iron ore. One other radial texture deserves mention— 
namely, the bostonitic. This is best seen in certain medium- and 
fine-grained dike rocks that contain irregular interlocking laths of 
alkali feldspar, arranged in crudely divergent groups. 

In some porphyritic rocks the phenocrysts resemble eyes partly or 
wholly enveloped by tangentially or radially arranged crystals of 
later growth. The texture of such rocks is termed ocellar. It is exem¬ 
plified especially well by phonolites in which large crystals of nephe- 
line are encased by delicate, fern-like needles of aegirite or sodic 
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amphibole, and by lavas containing leucite and analcite enveloped 
by biotite or pyroxene. 

Sieve texture, though much more common in metamorphic rocks, 
is also to be seen in igneous rocks, particularly in diorites and other 
plutonic rocks of hybrid origin. The texture so named is marked by 
the presence of abundant inclusions within large spongy crystals. 

Finally there are various textures best described as clastic on 
account of the fractured appearance of the constituents. Among these 
textures are the pyroclastic, typical of the fragmental products of 
volcanoes, discussed in Chapter 8. Some magmas continue to move 
even after they are almost wholly crystallized, so that many of their 
crystals become granulated and rounded by rubbing together during 
differential flow. Excellent examples of such protoclastic or auto- 
clastic texture may be noted near the margins of large granitic and 
granodioritic intrusions, and also in anorthosites and in ultrabasic 
rocks such as dunite (Fig. 22B), which are almost solid during the 
last stages of emplacement. Crushing and fragmentation of crystals 
may also result from post-consolidation movements. The resultant 
textures are called cataclastic; if granulation and shearing of the 
crystals are extreme, the texture is called mylonitic. It may be diffi- 
cult or even impossible to distinguish protoclastic from cataclastic 
texture, but the former, owing to crystallization of residual liquids 
after magmatic How came to an end. is sometimes characterized by 
veins and interstitial patches of unstrained and uncrushed material 
between the granulated constituents. 


Nomenclature and Classification 

No formal rules govern the nomenclature of igneous rocks. Some 
names are of ancient origin, usually a heritage from miner s jargon- 
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tion varies. A basalt in one scheme becomes an andesite in another, 
and a diorite becomes a gabbro, or vice versa, depending on whether 
distinctions are based on the nature of the feldspars, or on abun¬ 
dance of dark minerals, or on silica percentage. It is especially un¬ 
fortunate that the commonest igneous rocks are usually those most 
vaguely defined. We should remember, however, that our confusion 
is only in part a result of conflicting classifications; it results no less 
from the fact that all rock types grade into one another. “Pigeon¬ 
hole classifications,'' with names comfortably enclosed between paral¬ 
lel lines, are useful as aids to memory and for purposes of compari¬ 
son, but they give a false impression of accuracy and are quite 
misleading when they suggest clear-cut distinctions. The student, 
once he has gained experience, will realize that no classification can 
be rigid, and that looseness of definition is not necessarily an evil. 
He must be content when assigning a name to a rock to define his 
basis of classification, knowing that others may prefer a different 
name because they favor some other basis. The study of rocks, it has 
been well said, should start in the field, continue with the micro¬ 
scope, and finish with the crucible. A rock may be given one name 
on the ground of field occurrence and from hand-lens examination, 
only to require another when it is studied in thin section, and per¬ 
haps a third when it is chemically analyzed. These are difficulties 
that cannot be avoided. A single scheme for classifying rocks that is 
both logical and practical does not seem attainable. Different schemes 
have different objects in view. One may give chief weight to manner 
of occurrence; another may emphasize coarseness and texture; a 
third may consider mineral content of prime importance; and a 
fourth may be founded primarily on chemical composition. Most 
schemes have merit, but none can fully combine the advantages of 
all. The following notes attempt to summarize the principal group¬ 
ings; more detailed discussions may be found in some of the text¬ 
books listed on page 385. 

Chemical and Quasi-chemical Classifications 

For several purposes, particularly for proper discussion of magma 
types, for comparison of igneous rock series, and for interpretation 
of analyses, it is desirable to have chemical classifications. Obviously, 
however, these tell nothing about texture or mineral content. In 
other words, they ignore the cooling history, for magmas of identical 
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composition that solidified at different rates may form rocks of 
wholly different texture and mineral content, such as obsidian and 
granite. 

Silica content. Because most igneous rocks are composed of silica 
and silicates, one of the earliest classifications, still widely adopted, 
uses silica content as a basis. According to this scheme, igneous rocks 
are divided into acid, intermediate, basic', and ultrabasic types. Of 
course, these terms are not employed, as they are by chemists, to 
indicate hydrogen-ion concentrations: they simply denote in a rough 
way the amount of silica in a rock. Thus rocks with more than 66 
percent silica are called acid, those with 52-66 percent intermediate, 
those with 45-52 percent basic, and those with less than 45 percent 
ultrabasic. Rhyolite and gTanite contain, on an average, about 72 
percent silica; hence they are regarded as acid. Intermediate types 
include syenite (average 59%), diorite (average 57%), and monzo- 
nite (average 55%). Basic types are represented by gabbro and basalt 
(average 48%), and peridotite (average 41%) is a typical ultrabasic 
rock. Acid rocks are usually richer in alkalies and poorer in lime, 
iron, and magnesia than basic ones and are therefore generally paler 
in color owing to a smaller content of ferromagnesian minerals. 

Now percentage of silica bears little relation to percentage of 
quartz in a rock. Of two rocks containing the same amount of silica, 
one may be devoid of quartz, while the other may carry as much as 
35 percent by volume; and two rocks having the same content of 
quartz may differ in silica content by as much as 15 percent. In 
brief, when silica percentage is used as a basis of classification, it 
brings many mineralogically dissimilar rocks together. Nevertheless, 
the old and well-established terms , •acid,• , ••intermediate,*’ •‘basic,’* 
and "ultrabasic" still serve a useful purpose for general description. 

Silica content is especially valuable in distinguishing between 
rocks wholly or mainly composed of glass, for it can readily be deter¬ 
mined by measurement of refractive indices, as shown in Figure 7. 
It may also be used to classify fine-grained rocks, even those that are 
holocrystalline. Specimens from a petrographic province are first 
selected to represent the full range of rock types and are then ana¬ 
lyzed chemically. Finely crushed samples of the analyzed rocks are 
fused to glass beads, and the indices of refraction of the beads are 
measured. The indices are then plotted against the silica percentages 
to provide a characteristic curve for the petrographic province. When 
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Figure 7. Relation Between Silica Content and Refractive Indices of Vol¬ 
canic Classes 


The curse made by W. O. George is for natural glasses; the other three curves 
arc for artificial glasses produced by fusion of volcanic rocks belonging to the 
calcalkaline igneous scries. The Marklcevillc curve is based on Tertiary lavas of 
the Sierra Nevada. California; the Lassen and Garibaldi curves arc based on 
Pleistocene and younger lavas of the Cascade Range of northern California and 
British Columbia respectively. 

that has been done, other rocks from the same province may be 
crushed and fused so that their silica content may be found without 
recourse to costly analyses. 

Some minerals are never or only exceptionally associated with 
quartz in igneous rocks, because they are unstable under magmatic 
conditions when free silicic acid is present. Shand calls such minerals 
unsaturated with respect to silica. Among them are leucite, nephe- 
line, sodalite, hauync, nosean, cancrinite, analcite, magnesian oli¬ 
vine, mclanite, pyrope, perovskite, melilite, corundum, calcite, and 
spinel. On the other hand, minerals that develop in the presence of 
an excess of silica are called saturated, even though some of them 
are not silicates. Among the saturated minerals Shand lists the fol¬ 
lowing: all feldspars, pyroxenes, amphiboles, and micas; and tour- 
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maline, fayalite, spessartite, almandine, sphene, zircon, apatite, topaz, 
magnetite, and ilmenite. 

On this basis Shand separates igneous rocks, also, into three classes. 
The first includes the oversaturated rocks, which contain free silica 
of primary origin. The second includes the saturated rocks, which 
contain neither free silica nor any unsaturated minerals. The third 
contains the undersaturated rocks, which consist either wholly or in 
part of unsaturated minerals. The last class is subdivided into a non- 
feldspathoidal division, in which the alkalies are saturated and defi¬ 
ciency of silica affects the dark minerals only, and a feldspathoidal 
division, in which the alkalies are partly or wholly unsaturated 
While the dark minerals may or may not be saturated. Feldspathoidal 
rocks never contain magnesian metasilicates (enstatite, hypersthcne, 
clinoenstatite, clinohypersthene, or pigeonite), but many of them 
include olivine, augite, and diopside. All acid rocks arc oversatu¬ 
rated, but not all oversaturated rocks arc acid; some are intermedi¬ 
ate, and a few are basic rocks carrying a little quartz. 

Alumina-saturation principle. Shands classification of igneous 
rocks starts with separation of cucrystallinc from dyscrystalline types 
(sec p. 14). Next in importance is the degTee of silica saturation 
just discussed. Degree of alumina saturation is considered next, be¬ 
cause alumina is usually the second most abundant constituent of 
an igneous rock. In feldspars, nepheline, and leucite the molecular 
ratio of alumina to soda plus potash plus lime is 1:1, so that excess 
or deficiency of alumina with respect to this ratio is reflected in 
the nature of the dark minerals. Accordingly, Shand proposes four 
groups of rocks: (1) In peraluminous rocks the molecular propor¬ 
tion of alumina exceeds the proportion of soda, potash, and lime 
combined. The excess alumina finds its way into muscovite, biotite, 
coiundum, tourmaline, topaz, or iron-manganese garnet. Rocks of 
this kind develop from acid hydrous magmas of fairly low tempera¬ 
ture. (2) In metaluminous rocks the proportion of alumina exceeds 
that of soda plus potash but is usually less than that of alkalies plus 
lime. Some of the alumina goes into hornblende, epidote, or meli- 
lite, or else aluminous and non-aluminous minerals are found side 
by side (e.g., biotite and olivine). (3) In subaluminous rocks there 
is little or no excess of alumina over that requisite to crystallization 
of feldspars and feldspathoids. The dark minerals are olivine, ortho¬ 
rhombic pyroxene, and diopside. Rocks of this type are derived from 
hot and comparatively anhydrous magmas. (4) In peralkaline rocks 
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the molecular proportion of alumina is less than that of soda plus 
potash. Here the typical dark minerals are sodic amphiboles and 
sodic pyroxenes, such as riebeckite and aegirite. Other character¬ 
istic minerals are those in which ferric oxide, zirconia, or titania 
takes the place of alumina. Such rocks form in the last stages of 
crystallization of soda-rich magmas. This fourfold classification on 
the basis of alumina saturation is thus seen to have important ge¬ 
netic significance. 

Normative classification. Another quasi-chemical scheme was pro¬ 
posed by four American petrologists, Cross, Iddings, Pirsson, and 
Washington. This is referred to as the normative, or C.I.P.W., classi¬ 
fication. The chemical analysis of a rock is used to compute certain 
fairly simple mineral molecules that might theoretically have formed 
from a melt of the given composition. The proportions of these 
molecules constitute the norm of the rock as distinct from its mode, 
or actual mineral composition. According to the content of norma¬ 
tive minerals each analyzed rock is then assigned a name and a 
symbol. The special merits of this classification are that it enables 
proper placing of glassy and cryptocrystalline rocks, emphasizes 
chemical affinities, and facilitates comparisons. 

Among other chemical classifications serving the same purpose 
and likewise based on computations from analyses are those pro¬ 
posed by Niggli, Osann, and Wolff, accounts of which may be seen 
in Volume 1 of Johannsen's Petrography of the Igneous Rocks. 

Finally, chemical analyses may be plotted on variation diagrams 
to indicate trends of magmatic evolution and differences between 
petrographic provinces. Space forbids adequate discussion of these 
diagrams; the reader is therefore referred to the texts by Johannsen 
and Wahlstrom listed on page 385. 

Classifications Based on Mode of Occurrence 

Rosenbusch advocated a threefold division into effusive rocks 
(Ergussgesteine ), dike rocks (Ganggesteine), and deep-seated rocks 
(Tiefengesteinc). Brbgger later suggested that the second group be 
called hypahyssal, a name that he thought preferable because it does 
not imply any relation to deep-seated, plutonic bodies but merely 
indicates place of formation. Some hypabyssal rocks are intimately 
related to volcanic ones; others are as closely connected with plu¬ 
tonic rocks. Hence many of them present transitional features, and 
study of thin sections alone seldom* suffices to assign a rock to the 
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hypabyssal class. For that reason some geologists favor abolition of 
the term, preferring to call all rocks formed at depths of more than 
a few hundreds of meters plutonic and all others volcanic. 

There is obvious merit, particularly for purposes of field work, in 
having a threefold division based on mode of occurrence, but for 
laboratory examination such a division is impracticable. Even with¬ 
out knowledge of field relations, however, many plutonic rocks may 
be distinguished from volcanic ones solely on the basis of texture 
and mineral composition. Monomineralic rocks such as dunite, anor¬ 
thosite, and pyroxenite are unknown among lavas. Minerals stable 
at high temperatures and low pressures, such as sanidine and leucite, 
and metastable phases such as tridymite and glass, are seldom seen 
in plutonic rocks, whereas some other minerals, like muscovite, 
tourmaline, cancrinite, and microcline. which form at lower tempera¬ 
tures or higher pressures, are rarely found in volcanic rocks. And 
because slow cooling facilitates exsolution (unmixing), as in pertli- 
ite, the minerals in which it has occurred are far more common 
among plutonic rocks, besides, some hydroxyl-bearing minerals that 
arc stable under plutonic conditions tend to break down in a vol¬ 
canic environment of high temperature and low pressure. Few 
volcanic rocks, therefore, except quickly cooled, glass-rich types, 
contain unaltered biotite or hornblende; in holocrystalline lavas, 
formed by slow cooling, these minerals are generally replaced by 
oxyhornblendc. pyroxene, and granular iron ore. The quartz pheno- 
( rysts in volcanic rocks often contain inclusions of glass in euhedral 
cavities, but such inclusions are extremely rare in the quartz of 
plutonic rocks. Moreover, the optical properties of plagioclasc in 
plutonic rocks commonly differ from those in extrusive rocks, so 
that it has become possible as a result of recent studies to distinguish 
a high-temperature volcanic series of feldspars from a low-tempera¬ 
ture plutonic series. 


Textural Classification 

Grain size has long been used as a primary basis for dividing igne¬ 
ous rocks, and with good reason; for the granularity of a rock not 
only is a measurable property but also, because it depends largely 
on the cooling history, has genetic significance. The chief difficulty 
-s in deeding upon the number of divisions and upon the limits of 
each. Shand, as we have noted, is content, as Zirkel was, with a two¬ 
fold division into eucrystalline and dyscrystalline rocks, an arbitrary 
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boundary being drawn "at the limit of visibility with the unaided 
eye or with a simple hand lens." In classifying porphyritic rocks this 
criterion is applied to the groundmass, and the presence of even a 
small amount of glass puts a rock into the dyscrystalline group. Other 
geologists consider a threefold division more useful. They separate 
rocks into fine-, medium-, and coarse-grained types, and in general 
they agree that the limits, based on the average grain size of the 
main constituents, should be drawn at 1 mm. and 5 mm. When these 
limits are employed, it is found that most fine-grained rocks are 
either volcanic or shallow hypabyssal rocks and that most coarse¬ 
grained rocks are plutonic, but that medium-grained rocks occur in 
a wide range of environments. 

In the present book the twofold division is adopted. Rocks with 
an average grain size of less than 1 mm. are classed as fine-gTained; 
all others are grouped as coarser-grained. Experience has shown that 
it is often impossible from study of thin sections alone to separate 
hypabyssal from volcanic rocks, and that marginal facies of many 
plutonic bodies are difficult to distinguish texturally or by granu¬ 
larity from near-surface rocks and lavas. Even within a single thin 
section there is often wide variation in grain size. And, since most 
medium-grained rocks, such as microgranites, micromonzonites, mi- 
crodiorites, microsyenites, and microgabbros do not differ mineralog- 
ically from their coarser equivalents, it does not seem necessary to 
treat them separately. It is enough to realize that most plutonic 
rocks, though they are coarse-grained, have fine-grained facies that 
can be qualified by use of the prefix micro. 

Quantitative Mineralogical Classifications 

Igneous rocks are made up of minerals whose variety and propor¬ 
tions are of great significance because they are determined by the 
composition and history of the parent magma. For that reason the 
mode—the actual mineral content—of rocks has always been re¬ 
garded as a fundamental basis of classification. When a geologist 
wants to assign a rock to its proper niche in any classification, he 
focuses his attention on its dominant minerals. Some of these are 
essential because their occurrence is indispensable to the naming of 
the rock; quartz, for example, is essential to granite, and nepheline 
or some other feldspathoid is essential to phonolite. The other min¬ 
erals of a rock are termed accessory; if these are present in sufficient 
amount to warrant inclusion in the name of the rock (as, for exam- 
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pie, in ‘hornblende diorite”), they are called characterizing acces¬ 
sories; otherwise they are relegated to the class of minor accessories. 
Among these last, which together make up less than about 5 percent 
of the rock, are usually minerals such as apatite, sphene, zircon, and 
iron ore. 

Color as a basis. The proportion of light and dark minerals in a 
rock, particularly in one of medium or coarse grain, is a simple 
means of distinction, and in Johannsen’s classification it is used as 
the first step in separating rocks. Generally speaking, basic rocks, 
because of their greater content of ferromagnesian minerals, are 
darker than intermediate and acid ones. It should be remembered, 
however, that even ultrabasic rocks, such as dunite, which is com¬ 
posed almost wholly of olivine, may be quite pale in hand speci¬ 
mens and virtually colorless in thin section. The same is true of 
many basic rocks, such as anorthosite. The over all color of fine¬ 
grained and glass-rich rocks, also, is quite unsatisfactory as a guide 
to their composition; rhyolites and basalts, for example, may vary 
in over all color from pale gray to black. 

Broadly speaking, minerals that are light in color are also light 

in weight, and most of them contain no iron or magnesia. Light- 

colored minerals are therefore commonly spoken of as felsic and 

dark ones as mafic. The chief felsic minerals are quartz, feldspars, 

fcldspathoids, and muscovite; the chief mafic minerals are biotite, 

pyroxenes, amphiboles. and olivines. Admittedly many iron-poor 

mafic minerals are pale, and it would be more accurate therefore to 

separate light weight from heavy minerals, say with a specific gravity 

of 2.8 as a dividing line, but computation of proportions on this 

basis is extremely tedious, and it is generally better to be content 

wuh grouping all felsic minerals as light in color and all mafics as 

ark. Accepting this scheme, one may then assign to each rock a 

color index to express the percentages of light and dark minerals it 
contains. 

In Johannsen's classification four rock classes are distinguished 
according t° the volume-content of dark minerals, the limits being 

u 5'i 0 ' and 95 P ercent - Shand also distinguishes four classes, 
but W ,th different limits, as follows: leucocratic rocks, with less than 

_ P crcem mafic minerals; mesocratic rocks, with 30-60 percent; 

: r CTa “t r °™ ’ Wkh 6 °- 9 ° P ercent ' and hypermelanic rocks, 
__>thmore than 90 percent mafic minerals. Ellis* likewise has a four¬ 
s' J- EH* in Mineralogical Magazine, vol. 28, 447-469, 1948. 



IGNEOUS ROCKS 


34 

fold division, but his limiting color indices are 10, 40, and 70. 
Accordingly he calls rocks with an index of less than 10 holofelsic, 
those with indices between 10 and 40 felsic, those between 40 and 
70 mafelsic , and those with higher indices mafic. 

Feldspars as a basis. More than a century has passed since rocks 
were first classified by the nature and amount of their feldspars. 
Most igneous rocks contain feldspars, and in many they are the chief 
constituents. Besides, the composition and habit of the feldspars in 
a rock are highly significant in suggesting the stage of evolution from 
original magma. For these reasons feldspars play a leading role in 
almost all mineralogical classifications, most of which emphasize the 
ratio of alkali feldspars to plagioclase. Unfortunately, confusion has 
resulted from differences of opinion as to whether or not albite, 
though one of the plagioclase series, should be counted as alkali 
feldspar. Now it is well known that in plutonic rocks the potash 
feldspars, orthoclase and microcline, are often found in very intimate 
association with albite, especially in the form of minute inter- 
growths (perthite, microcline-perthite, and antiperthite), so that it 
is often difficult or even impossible to estimate accurately the amount 
of each.* This difficulty is avoided if albite is included among the 
alkali feldspars, as we do in the pages that follow. The student is 
reminded, however, that in the praiseworthy classifications of Shand 
and Johannsen such is not the practice. 

The next question is, how many divisions ought to be made on 
the basis of the composition and proportions of the feldspars? Some 
authorities are content with two divisions, rocks with more alkali 
feldspar than plagioclase, and those with less. Others, including 
Wells, prefer three divisions, and we hold the same view. In the 
three divisions of Wells’s scheme, alkali feldspars make up respec¬ 
tively less than a third, between a third and two-thirds, and more 
than two-thirds of the total feldspars. We make an exception to this 
rule in the case of granodiorite, as will be noted later. Other writers, 
including Johannsen and Wahlstrom, draw different dividing lines, 
and they go a step farther by taking into account variation in the 
composition of the plagioclase. Later we shall have occasion to use 
the nature of the plagioclase in separating certain rocks, particu¬ 
larly some intermediate and basic ones, but the beginner will find, 

* In v ol<*nic rocks, on the other hand, alkali feldspar generally is represented by a 
single optically homogeneous mineral—sanidine (monoclinic) or anorthoclase (tri- 
chnic). In some sanidines and in all anorthoclases soda is equal to or predominates 
over potash. 
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when studying fine-gTained rocks or those rich in zoned feldspars or 
those containing a wide variety of plagioclase crystals, that it is la¬ 
borious enough to calculate the ratio of alkali feldspar to plagio¬ 
clase, without trying to subdivide the plagioclase into varieties and 
compute the volume of each. 

Quartz as a basis. In most classifications the presence or absence 
of quartz is considered a major factor. In Shand's classification, for 
example, the oversaturated group of rocks is marked by free silica 
of magmatic origin. But the question again is, where should divid¬ 
ing lines be drawn? Should account be taken even of trifling amounts 
of quartz, or should quartz be ignored in naming a rock unless it 
constitutes more than 5 or 10 percent of the total volume? We are 
going to take the critical percentage as 10. On this basis we would 
call a pin tonic rock in which more than two-thirds of the feldspars 
are alkaline and the volume percentage of quartz is less than 10 a 
syenite rather than a granite. Others may choose to draw the bound¬ 
ary at 5 percent quartz, and we would admit their right to do so 
provided they clearly specify the critical percentage in making their 
definitions. 


The Plan to Be Adopted 

I lie scheme to be followed here is essentially the one advocated by 
Wells and Daly under the name clan conce/it. Instead of discussing 
volcanic, hypabyssal. and plutonic rocks as such, we shall consider 
in each of the following chapters a group, or clan, of rocks of closely 
similar chemical and mineralogical composition, no matter whether 
they solidified at the surface or at depth, no matter what their tex¬ 
ture. and no matter whether they are of magmatic or metasomatic 
origin. As far as possible, observation will be divorced from infer¬ 
ence. A clan of rocks is one bound by resemblances in composition. 
And 111 each clan distinction will be drawn on the basis of texture 
between fine- and coarser-grained families, most rocks of the former 
family being volcanic and most of the latter plutonic. And the 
coarser-grained family will be given the same name as the clan to 
which it belongs. What we shall call the Granite, Adamellite , and 
C -ranodionte Clans comprise the acid rocks, characterized by the 
presence of modal or normative quartz in excess of 10 percent. The 
intermediate and basic rocks fall in the Syenite, Monzonite, and 
ahhro Uans ’ Which wiH bc defined partly according to the nature 
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and amount of their feldspars and partly according to their color 
indices. An Alkali Gabbro Clan will be set apart to include basic 
rocks rich in alkali feldspars or feldspathoids or both. Finally, we 
shall describe an Ultramafic Clan, comprising rocks with color in¬ 
dices of more than 70, and this will include almost all ultrabasic 
rocks. 

Let us emphasize here once more that similarity of composition 
does not imply similarity in mode of origin or evolution from a 
common magma. Granites, for example, rarely if ever grade into 
rhyolites, although they belong to the same clan. Indeed, as we have 
noted, many geologists suppose that some granites, at least, may orig¬ 
inate by replacement of pre-existing rocks, whereas all rhyolites have 
formed from largely or completely molten magmas. 

Contrary to long-established custom, we start with the Basic and 
Ultramafic Clans and continue through the intermediate to the acid 
rocks, and in discussing each of the clans we also break with tradi¬ 
tion by describing first the fine-grained types. Most assuredly it is 
not for the sake of novelty that this course is followed; on the con¬ 
trary, it seems preferable to start with the fine-grained rocks because 
their magmatic origin is least in doubt, and it seems logical to con¬ 
sider basic, ultrabasic, intermediate, and acid rocks in that order 
because almost invariably that is the normal sequence of magmatic 
evolution. There is additional merit in this procedure, for, by fol¬ 
lowing it, the treatment of granites and related rocks is brought 
closer to the treatment of metamorphic rocks in Part Two of this book. 
If, as many geologists now maintain, many of these plutonic rocks 
are of metasomatic origin and grade imperceptibly into metamorphic 
rocks, it seems proper to bring their discussion as close together as 
possible. 

A final word: all classifications of igneous rocks are open to criti¬ 
cism, and none more so than those designed for the beginning stu¬ 
dent. Because serious difficulties arise in trying to be consistent in 
the use of a single criterion, it is best to make use bf several criteria, 
emphasizing one or another as the purpose justifies. Let every stu¬ 
dent bear in mind what has been stressed before: that all rocks are 
transitional members of series and that clear-cut boundaries are not 
to be expected. 
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The Gabbro Clan 

Calcalkali basic igneous rocks 


The principal basic igneous rocks are the plutonic gabbros, hypabys- 
sal diabases,* and volcanic basalts, almost all of which have color 
indices of more than 40. They are separable into the Calcalkali and 
Alkali Gabbro Clans. Rocks of the former clan, because they are 
much the more abundant, include the "normal'' gabbros, diabases, 
and basalts, composed chiefly of plagioclase more calcic than Ab,An, 
and containing augite, hypersthene, and olivine as typical mafic con¬ 
stituents. Some of them contain quartz or alkali feldspar or both, 
but none contains more than 10 percent alkali feldspar by volume. 
Rocks containing more alkali feldspar or feldspathoids (generally 
nepheline, leucite, or analcite) or both belong to the Alkali Gabbro 
Clan discussed in the next chapter. 


Basalts and Diabases (mostly of fine 
and medium grain) 


Calcalkali basalts are by far the most abundant of all volcanic rocks. 
They are the principal products of shield volcanoes of the Hawaiian 
type; they predominate among the lavas of orogenic belts; and where 
discharged from swarms of fissures they build enormous plateaus, as 
in the Deccan of India, in Oregon and Washington, and in the 
Parand basin of South America. Their equivalents, the diabases, 
most of which form sills and dikes, likewise predominate among all 
shallow intrusive rocks. 


35 uL n Fn T WK r m , K enca and Gcrmany is $ y non y m °us With "doleriie” 
refer ,o-^ 1 , 1 ; K . !. I ^ petrographers employ the term "diabase." .hey 

ns roxenr, L f ” ,,d \ fe,ds P ars ar * saussuritized or albitized and the 

p> roxencs arc more or less replaced by amphibole and chlorite. 
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Two groups of calcalkali basalts and diabases may be distinguished 
—namely, the undersaturated or olivine-bearing varieties and the 
saturated or slightly oversaturated ones which are virtually or com¬ 
pletely devoid of olivine and are often marked by the presence of 
quartz. Neither group is restricted to any particular tectonic environ¬ 
ment; indeed, members of both may be found in intimate associa¬ 
tion. The olivine-bearing types predominate, however, among the 
lavas of oceanic volcanoes and are widespread in the forelands and 
backlands of orogenic belts, and they are commonly accompanied by 
alkaline differentiates such as trachyte and phonolite. The olivine- 
free and olivine-poor types, on the other hand, which are sometimes 
spoken of as tholeiiles, predominate among the plateau-building 
lavas, and they compose most of such huge sills as those of the South 
African Karroo, of Tasmania, Antarctica, and Spitzbergen, and those 
of Keweenawan and Triassic age in the Great Lakes region and the 
eastern United States. Generally, tholeiitic basalts are associated 
closely with calcalkaline differentiates such as andesite, dacite, and 
rhyolite; and tholeiitic diabases usually contain late-formed streaks, 
veins, and interstitial patches largely composed of quartz and alkali 
feldspar. Some tholeiites are to be found, however, on oceanic 
islands, including Hawaii, but because most of them are restricted 
to the continents, it has been inferred that they evolved chiefly 
through contamination of primary olivine basalt magma by contact 
with the base of the sialic crust. In accordance with this view, they 
have also been called subsialic basalts and diabases. Most olivine¬ 
bearing basalts, on the other hand, are thought to have been derived 
from uncontaminated basaltic magma coming from deeper levels 
beneath the continents and from sub-oceanic regions devoid of a 
sialic crust. They are accordingly spoken of as simatic basalts and 
diabases. But these are no more than working hypotheses, and much 
doubt is cast upon them by the fact that olivine-free basalts and 
diabases may often be found overlying olivine-rich types even within 
individual flows and sills. The famous Palisades sill of New Jersey, 
for example, consists for the most part of tholeiitic diabase, but 
there is a layer close to the bottom, obviously formed by settling of 
crystals, in which olivine is relatively abundant. In brief, no clear- 
cut distinction can be drawn between tholeiitic and olivine-bearing 
rocks. Nevertheless, it seems advisable, for purposes of description, 
to treat them separately, so far as possible. But first the textures of 
basalts and diabases in general must be discussed. 
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Textures 

Generally basalts are fine-grained and diabases are medium- 
grained; but neither coarseness nor texture is a wholly valid cri¬ 
terion for distinguishing them; the basic distinction is mode of 
occurrence. They range from holohyaline to holocrystalline. Varie¬ 
ties composed entirely of glass are found chiefly in the quickly chilled 
borders of shallow intrusions, in the crusts of flows, and in lavas 
cooled rapidly by discharge into water or under ice. Such basic 
glasses are termed tachylyte or sideromelane if they are nearly an¬ 
hydrous; or, if they contain abundant water absorbed while cooling, 
they are called palagonite. In color they vary from yellow through 
shades of brown to black. The refractive indices of most palagonites 
are less than 1.54; those of non-hydratcd basic glasses are invariably 
much higher (Fig. 7). If crystals are present in the glass, the result¬ 
ant textures become vitrophyric. hyalopilitic, and interscrtal. But 
intersertal texture results also from the occurrence, not of interstitial 
glass, but of chlorophaeitc, nontronite, or chloride material with a 
characteristic patchy distribution between the feldspar laths. 

Most basalts and diabases are holocrystalline. Among basalts the 
most usual texture is intergranular (Fig. 5A); among diabases ophitic 
and suboplutic textures predominate (Fig. SBC). Pilotaxitic texture 
typical of most andesites, is quite exceptional. In intergranular rocks 
the mafic granules crystallized later than the feldspars and hence 
occupy spaces between them; in subophitic rocks the formation of 
pyroxene and feldspar was approximately simultaneous; in ophitic 
types most of the pyroxene developed after the feldspar. The se¬ 
quence of crystallization depends, of course, on the initial composi- 

110,1 and '""Perature of lhe magma and Qn ^ ^ 

pyroxene is more plentiful than plagioclase. pyroxene generally 
forms first; if plagioclase is more than twice as abundant as pyroxene 
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Porphyrtttc textures are widespread in both basalts and diabases 
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and the phenocrysts may be olivine, pyroxene, or feldspar. In olivine- 
bearing types it is usually the olivine itself that is porphyritic; in 
other types either pyroxene or plagioclase or both may form pheno¬ 
crysts, and if the former does it is much more often a calcic variety 
rather than pigeonite. Finally, flotation of feldspar phenocrysts and 
settling of olivine and pyroxene commonly result in glomeroporphy- 
ritic textures near the tops and bottoms of thick flows and sills 
(Fig. 9B). 

Olivine Basalts and Diabases 

Olivine basalts. No better examples of olivine basalt can be found 
than those forming most of the lavas of the shield volcanoes of 
Kilauea and Mauna Loa on Hawaii. These are porphyritic rocks 
with an intergranular or intersertal matrix (Fig. 5A). In a typical 
specimen phenocrysts of olivine make up about a fifth of the vol¬ 
ume, while phenocrysts of plagioclase, normally zoned from An 80 to 
Ajibo. make up a quarter, and lime-rich augite (2V = 50-60°) forms 
up to 15 percent. The groundmass is composed of plagioclase mi- 
CTolites (An 80 «s) and granules of clinopyroxene in roughly equal 
amounts, with subordinate quantities of granular olivine, magne- 


Figurc 8. 

Basalts A B 



A. Mugcarite, Isle of Skye. Scotland. Diam. S mm. Essentially composed of 
olivine, oligoclase. and iron ore, with accessory augite, apatite, and ortho- 
dase. The smaller olivines are elongated along the brachy-axis; the larger 
ones, terminated by domes, are elongated along the vertical axis. 

B. Picrite basalt, Kauai, Hawaiian Islands. Diam. 3 mm. Abundant large grains 
of olivine, rimmed with iddingsite and magnetite, in an intergranular matrix 
of labradorite laths, subhedral augite, and magnetite. 
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tite, ilmenite, apatite, and dark glass. Noteworthy is the fact that 
most of the pyroxenes in the groundmass contain less lime than the 
phenocrysts; their optic angles (10-45°) indicate that they may in¬ 
clude pigeonite and subcalcic augite. In the quickly cooled Hawaiian 
basalts the feldspars already mentioned are accompanied by a little 
interstitial potash oligoclase and potash andesine; in the more slowly 
cooled, coarser-grained flows these numerals give place to orthoclase 
or sanidine plus oligoclase or albite. 

Settling and accumulation of olivine crystals on the bottoms of 
thick flows and sills lead to formation of picrite basalts, or oceanites 
(Fig. 8B). In these rocks phenocrysts of magnesian olivine make up 
from 20 to more than 50 percent by volume, and plagioclase often 
makes up less than a third of the total. Phenocrysts of augite may 
also sink and so come to exceed olivine in amount to form ankara- 
mites. Many of these, and many oceanites also, are so enriched in 
mafic constituents as to pass out of the Gabbro Clan into the Ultra- 
mafic Clan, for they have silica percentages of less than 45 and color 
indices of more than 70. 

Many of the olivines in the basalts just mentioned are marked by 
early alteration to iddingsite or bowlingite. a change that may affect 
entire crystals or be confined to the rims, cores, or intermediate 
zones. Usually these minerals are attended by magnetite or hema¬ 
tite or both; alternatively, these iron ores may be the only alteration 
products. Under the influence of dcuteric solutions, olivine, as well 
as interstitial glass, may also be replaced by chlorophaeite or cela- 
donite. 

Some olivine basalts carry hypersthene in addition to clinopy- 
roxenc, usually as phenocrysts. In a few basalts hypersthene may even 
preponderate over olivine. Enstatite, hornblende, and biotite may 
be present, but are quite exceptional. 

Among the minor constituents of many olivine basalts are tridy- 
mite and cristobalite. These may replace some of the interstitial 
glass, but are found more often lining pores and cracks in which 
they were sublimated from fumarolic vapors. Opal, chalcedony, and 
zeolites are also common, chiefly as fillings of amygdules. 

Primary quartz is extremely rare in olivine basalts, although, as 
we shall see, it is common and may be abundant in tholeiitic basalts. 
Where quartz docs accompany olivine, it is almost invariably as 
xenocrysts, picked up from older lavas or from metamorphic or sedi¬ 
mentary rocks, or incorporated in the basaltic magma after sinking 
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Figure 9. Basalts and Basaltic Andesite 

A. Basaltic andesite, Parfeutin, Mexico. Diam. 2.5 mm. Phenocrysts of olivine, 
some elongated parallel to the base, and microlites of labradorite in a vesicu¬ 
lar matrix of black glass. 

B. (ilomeroporphyritic olivine-augite basalt. Copco Dam, northern California. 
Diam. 2.5 nun. A cluster of bytownite and olivine phenocrysts lies in a 
groundmass of labradorite laths, granular augitc. and interstitial black glass. 

<;. Olivine-augite basalt, Crateis of the Moon. Idaho. Diam. 2 mm. From the 
vesicular, glass-rich crust of a recent pahochoe flow. Small crystals of olivine, 
augitc, ami labradorite. accompanied by abundant granular iron ore. in a 
base of clear, brown glass. 


from overlying layers of more siliceous material. Whatever their 
origin, most of the quartz crystals, being out of harmony with the 
enclosing basalt, are rounded and embayed by magmatic corrosion 
and are enveloped by reaction rims composed of glass, tridymite, and 
diopsidic augitc. 

Among the lavas called basalts on account of their low content of 
silica and despite the sodic character of their feldspars arc the oligo- 
clase basalts now to be described. Most of them are intimately asso¬ 
ciated with ordinary olivine basalts and picritc basalts on the one 
I,and, and with trachybasalts, trachytes, and phonolites on the other. 
Indeed, many of them contain a little orthoclase or sanidinc or anor- 
thoclase, or a little of any two or all three of those minerals, and so 
are transitional into trachybasalts that contain those minerals in a 

proportion greater than 10 percent. 

The most widespread oligoc lase basalts, whic h are found partial- 
larly on oceanic volcanoes (c.g.. Mauritius and Hawaii), are dark 


THE GABBRO CLAN 


43 

lavas marked by intergranular texture and by random orientation 
of their feldspar laths. Their most abundant constituent is oligo- 
dase, much of which is mantled by sanidine or orthoclase. Occa¬ 
sionally a few phenocrysts of andesine are present. Olivine is the 
chief mafic constituent; then follows augite; hornblende and biotite 
are rare and occur only in minute particles. Apatite is a constant 
though minor accessory, and iron ore is always abundant in very 
small granules. Precisely similar in mineral content and differing 
only in texture and color are the mugearites (Fig. 8A). These have a 
pronounced trachytic habit, owing to sub parallel alignment of the 
oligoclase laths, and they are much lighter-colored because of the 
larger size and wider scattering of the grains of iron ore. 

There is debate as to where the limit should be drawn between 


basalt and andesite. We do not regard the presence or absence of 
olivine as diagnostic, but olivine-rich lavas are much more likely to 
be basalts than andesites. Generally, the average composition of the 
plagioclase in basalts is more calcic than Ab,An„ while in andesites 
it is more sodic. In practice, however, it is often difficult or may be 
impossible to determine the average modal composition of the feld¬ 
spars in a rock, because of their wide variation, their delicate zoning, 
and the smallness of the microlites. Besides, the feldspar phenocrysts 
of an andesite are commonly more basic than the average of all the 
feldspar in a basalt. Then, again, as we shall see, many lavas nor¬ 
mally classed as basalts on the basis of their silica content have albite 
or oligoclase as their principal feldspar. If chemical analyses are 
available from which to calculate the normative plagioclase, the 
limit Ab.An, may be quite satisfactory; or. if they show that the sil¬ 
ica percentage is less than 52, it is usually permissible to call the 
lava basalt. Again, a color index of more than 40 generally denotes 
basalt rather than andesite. But, if there is doubt, it is best to em¬ 
ploy such terms as "basaltic andesite" and "andesitic basalt" accord¬ 
ing to the criteria favored for distinction; and when chemical analy- 
scs necessitate relegation of a lava to the class of basalt, despite the 
sodic nature of the feldspar, such terms as "albite basalt.” "oligoclase 
basalt," and “andesine basalt" may be adopted with propriety 
OUvtne d,abases. These do not differ much mineralogically and 
many do not differ texturally, from the basalts just described. In 
thick sills and dikes, "however, the grain size is usually greater than 
among lavas, and there is more tendency for development of ophitic 
and po.k.l,t.c habits. And, because of slower cooling, exsolution 
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intergrowths of iron ores (e.g., martite-hematite and ilmenite-magne 
tite) and of ortho- and clino-pyroxenes are far more common in 
diabases. Occasionally a little interstitial quartz and potash feldspar 
may be present, but never to the extent common in tholeiitic dia¬ 
bases. Deuteric zeolites, on the other hand, may be abundant. 

Tholeiitic Basalts and Diabases 

Fine-grained tholeiitic lavas, as we have noted, include the exten¬ 
sive plateau basalts of the Indian Deccan and the Pacific Northwest, 
and also the Keweenawan basalts, and they are common among the 
basalts of orogenic belts. They consist essentially of labradorite, clino- 
pyroxene, and iron ore. Olivine is generally absent, or is present 
only in minor amount, usually near the bottoms of flows. Two other 
distinctive features are the prevalence of pigeonitic pyroxenes with 
small optic axial angles, and the common presence of an acid ground- 
mass that may be glassy but is more often a mixture of quartz and 
alkali feldspar. In coarse grained flows, and in tholeiitic diabases, 
nearly uniaxial pigeonite may be accompanied by ophitic and sub- 
ophitic plates of diopsidic augite (2V = 45-55°); in fine-grained 
flows, however, a single pyroxene—namely, subcalcic augite (2V = 
30-45°)—is more characteristic. Small anhedra of hypersthene may 
accompany these clinopyroxenes. Apatite and iron ores are every¬ 
where present as accessories, and often, as in many Keweenawan 
flows, there is an upward increase in the content of hematite and 
ilmenite. 

The textures of tholeiitic basalts range from glassy to holocrys- 
talline, the chief being intersertal, intergranular, and ophitic. 
Phenocrysts are unusual. Intersertal texture results partly from the 
presence of sideromelane or palagonite, but generally from the oc¬ 
currence of chlorophaeite. In fresh tholeiites this substance is pale 
green, but in sections of weathered rock it is dark green, brown, or 
red. Some of it occupies spaces between the feldspar laths, some 
forms pseudomorphs after olivine, and some occurs in veinlets and 
amygdules. Along with the chlorophaeite there may be abundant 
calcite, chlorite, zeolites, opal, and chalcedony, also of deuteric ori¬ 
gin. Tridymite and cristobalite are to be seen occasionally on the 
walls of veins and vesicles. 

When tholeiitic basalts are weathered under conditions of poor 
drainage and in the presence of alkaline solutions, yellow and green 
nontronite is formed at the expense of the original glass and mafic 
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minerals. Under conditions of better drainage and where the ground- 
waters are neutral or slightly acid, nontronite is accompanied by 
kaolinite and halloysite, formed at the expense of the feldspars. In 
thermal regions such as Iceland, hot acid waters remove virtually all 
of the cations in basalts, leaving little but silica; neutral waters tend 
to form more or less ferruginous clays; and alkaline waters cause 
little chemical change but develop new minerals, such as zeolites, 
chlorite, and calcite. 

Tholeiitic diabases are generally subaluminous rocks, saturated or 
slightly oversaturated with silica, but near the bottoms of thick sills 
they may grade into olivine-rich diabases. The quickly chilled mar- 
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Figure 10. Diabases 

A. Pyroxene diabase (tholeiitic). West Rock, New Haven, Connecticut. Diam. 
2 nun. Colorless pigeonite, marginally altered to serpentine; fresh ophitic 
plates of pale-brown augite; laths of labradorite: granules of iron ore; and 
interstitial chloritic material. Not shown in this section, but found elsewhere 
in the sill from which this specimen came, are a little interstitial biotite and 
micropegmatite. 

B. Olivine diabase. Pigeon Point, Minnesota. Diam. 3 mm. Laths of calcic 
labradorite; olivine; ophitic, purplish augite; iron ore; reddish-brown biotite; 
and chlorite. 

C. Augite diabase, Pwllheli, North Wales. Diam. 3 mm. A single plate of sub- 
calcic augite (2V = 40°) ophitically encloses calcic plagioclase, which is 
almost entirely altered to calcite and prehnite and heavily stippled with 
granular leucoxene. Close to the edge of the section are plates of iron ore 
composed of exsolution intergrowths of ilmenite and magnetite; near the 
center are two round patches of talc and serpentine after olivine; near the 
lower edge is an area of dcutcric calcite. 
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gins of intrusions usually display either a fine intergranular or an 
intcrsertal texture; toward the centers of intrusions the texture gen¬ 
erally becomes coarser and more ophitic. There may be wide tex¬ 
tural variations, however, even in single thin sections, and some 
diabases are notably porphyritic. 

Because of the remarkable differentiation exhibited by most tho- 
leiitic sills, the proportions and nature of the component minerals 
vary from layer to layer. An average sample is made up of plagioclase 
(40-55%), pyroxene (35-45%), iron ore (8%), micropegmatite 
(5%), and olivine (3%), plus a little biotite, amphibole, and apatite. 
But consider the variations, and first take olivine. Generally it is 
either absent or rare, but near the floors of some sills, such as the 
famous Palisades sill, it may make up as much as a quarter of the 
total volume. Its composition varies from Fai8 to Faiooi the more 
magnesian olivine forms large crystals, while the iron-rich olivine 
forms small, rounded or subophitic crystals. 
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Figure 11. Differentiation in a Diabase Sill, New Jersey 

A. Specimen 10 feet above the base. Diam. 3 mm. Composed of labradorite. clino- 
pyroxenes, and a little hypersthene. ilmenite, and biotite. 

B. Olivine-rich specimen, 50 feet above the base. Diam. 5 mm. Consists of olivine, 
ophitic pigeonite, labradorite laths, ilmenite, and, close together, accessory 
biotite and micropegraatite. 

C. Specimen from upper par. of sill. Diam. S mm. The chief constituents are 
pyroxene, sericitized labradorite, and titamferous iron ore. Deuteric horn¬ 
blende and biotite border the pyroxene and ore; patches of interstitial micro 
pegmatite near center and right edge of section; prism of apatite adjoins 
upper-right edge. 


THE GARBRO CLAN 

Plagioclasc generally varies in amount from a minimum of about 
40 percent in chilled border facies and the lower parts of sills to a 
maximum of approximately 65 percent near the top. Most of it 
ranges in composition between An w and An« 0 . though early-formed 
crystals may be as calcic as bytownite and the last to crystallize may 
be as sodic as ohgoclase. Normal zoning is widespread, and generally 
the percentage of calcium in the feldspar diminishes upward from 
the olivme-rich layer, reaching a minimum in the late-crystallizing 
veins and streaks of micropegmatitc. The last feldspar to form 
is usually orthoclase or anorthoclase, graphically intergrown with 
quartz in areas of micropegmatite. These intergrowths are present in 
small amount at almost all levels, and in the cores of thick sills they 
may constitute as much as a quarter of the bulk. 

Pyroxenes in tholeiitic diabases are generally of three kinds, 
augite, pigeonite, and orthopyroxene, and the later-formed crystals of 
each contain more iron than the earlier ones. Of the three, brown or 
purplish augite (2V = 30-60°) is generally the most abundant and is 
present throughout the sills. Near sill margins it tends to be euhe- 
dral; elsewhere it is subhedral or subophitic. Most of the ortho¬ 
pyroxene forms microphenocrysts. and it is confined chiefly to chilled 
margins and the lower layers ol sills. Near the bottoms it is generally 
bronzite; higher up it is hypersthene. It is absent from micropcg- 
matite areas. Colorless pigeonite (2V = less than 30°) varies in habit. 
Parly, magnesia-rich crystals tend to be euhedral; later, more fer¬ 
riferous ones tend to build ophitic plates. Most of the pigeonite 
crystallized after the hypersthene, and the two are seldom seen 
together in a single specimen. Pigeonite and augite are generally 
found side by side, for they crystallized mostly at about the same 
time, though ferroaugite continued to separate after formation oi 
pigeonite ceased. 

Biotite and brown or greenish-brown hornblende are late reaction 
products. They are almost ubiquitous, but usually in trifling amount 
save in areas of micropegmatite, where they may be accompanied by 
scraps of bluish-green alkali amphibole. Most of the biotite is molded 
<>n pyroxene or iron ore and is mantled, in turn, by hornblende. 

The iron ores are intergrowths of ilmenite and magnetite or 
hematite. They are rare in chilled border facies, become increasingly 
common in the more siliceous parts of sills, and are most abundant in 
patches of micropegmatite. They may form euhedral crystals or 
skeletal grains molded on or intergrown with pyroxenes, or occur as 
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jagged rods and plates. Finally, most tholeiitic diabases carry slender 
needles of chlor-apatite. some of early and some of late formation, 
and these likewise are most abundant in areas of micropegmatite. 


Gabbros and Related Rocks 

In most coarse-grained gabbros and their medium-grained equiva¬ 
lents. the microgabbros, the chief mineral is plagioclase more calcic 
than Ab.An,; the typical mafic constituents, in order of abundance, 
are augite. hypersthene. and olivine. Gabbros rarely contain horn¬ 
blende and biotite. the characteristic mafic minerals of diontes. 1 he 
color indices of most of these rocks vary from 40 to 70. whereas those 
of most diorites range between 10 and 40. For rocks with indices 
close to 40 the composition of the plagioclase should be used in 
deciding upon a name. 

So-called normal gabbros are composed principally of labradorite 
and augite or diallage. Gabbros in which hypersthene predominates 
over clinopyroxene are called norites; those in which both kinds of 
pyroxene are present but the plagioclase is more calcic than labra¬ 
dorite are termed eucrites. By increase in the content of olivine these 
types grade into olivine gabbros. olivine norites, and olivine euentes. 
These merge, in turn, into troclolites, composed a most solely of 
olivine and labradorite or bytownite, and into allivahtes, which are 
essentially olivine-anorthite rocks. Pyroxene gabbros. on the other 
hand, pass into anorthosites by reduction of their color indices 

be £le°rocks are classed as gabbros and norites "ther than as 
diorites because of the calcic nature of their feldspars and their low 
content of silica even though their color indices lie between 'O and 
40; the names of such rocks are qualified by addition of the prefi 
leuco The typical Duluth gabbro and many of the gabbros of the 
iTollk,. ™ WcogabbrS Other rock, ,Uo .re included 
the gabbros and norites because of their high color > ndlces J nd ' 
silica content even though they contain plagioclase more sod.Mhan 
labradorite and may also carry a little quartz. If the volume ot 
quartz exceeds 10 percent, the rocks are called 
quartz norites; if the amount is less, they are simply called quam 
bearing." Rocks of the Gabbro Clan in which either the pyroxene 
or thellivines or both are exceptionally rich in iron are classed as 

ferrogabbros. 
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Finally, by increase in color indices to more than 70, gabbros and 
norites pass into melagabbros and melanorites, members of the 
Ultramafic Clan; and by increase in the content of alkali feldspars or 
feldspathoids or both to more than 10 percent by volume, they 
become members of the Alkali Gabbro Clan, which will be described 
in the next chapter. 

Olivine-bearing Gabbros 

A typical olivine gabbro is exemplified by specimens from Pigeon 
Point, Minnesota, made up of labradorite laths (60%), augite (27%), 
olivine (10%), and apatite and iron ore (3%). Because the olivine 
crystallized before the pyroxene, it tends to be euhedral and is often 
enveloped by the pyroxene, which may itself be mantled by horn¬ 
blende. Olivine-bearing gabbros in which hypersthene is the only or 
the dominant pyroxene are classed as olivine norites. In both rocks, 
as in the troctolites and allivalites to be described later, many olivine 
crystals have kelyphitic rims formed by reaction with adjacent calcic 
feldspars (Fig. 4C), not during the magmatic stage, but later, when 
the rocks were already solid but were still permeated with water 
vapor. The minerals constituting these concentric and usually fibrous 
coronas are pyroxene, spinel, garnet, actinolite, anthophyllite, and 
cummingtonite, all of which are common products of thermal meta¬ 
morphism. Reaction usually begins with formation of pyroxene or 
amphibolc around the olivine; if a second shell is formed, it consists 
of amphibolc and spinel; and if garnet is present, it is generally in 
the outermost parts of the rims, adjoining the plagioclase. 

In all of the foregoing gabbros and norites, the olivine is rich in 
magnesia, but in some ferrogabbros, such as the cumberlandite of 
Rhode Island, illustrated in Figure 12B, it is notably rich in iron, 
having the composition FoiFa ( . In this particular gabbro olivine 
niakes up 40 percent of the volume ; the other constituents, in order 
of abundance, being ilmenite, magnetite, labradorite, serpentine, 
and spinel. 

Remarkable olivine-bearing ferrogabbros also occur in the upper 
part of the famous Skaergaard intrusion of Greenland, where they 
form a layer 3,700 feet thick. At the bottom of this layer the average 
rock has this mode: plagioclase (An t „), 56 percent; augite, 20; olivine 
(average Fa,„), 16; iron ore. 7: apatite, hypersthene. and quartz, 1. 
Above this lies ferrohortonolite gabbro, with the following per¬ 
centage content: plagioclase (An„). 45; olivine (Fa* 5 ), 17; augite, 28; 
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Figure 12. Gabbros 

A. Olivine noriic, Aberdeen, Scotland. Diam. 3 mm. All the visible hypersthene 
is optically continuous; it encloses grains of olivine and is intergrown ophiti- 
cally with calcic labradorite. Iron ore and biotite are accessory constituents. 

R. Cumberlandite (ferrogabbro). Iron Mine Hill. Rhode Island. Composed of 
labradorite, iron-rich olivine, and iron ore containing specks of green spinel. 
The iron ore is an exsolution intergTowth of magnetite and ilmenitc. 

C. Quartz norite, Sudbury. Ontario. Diam. 3 mm. Around the large hypersthene 
crystals are reaction rims of green hornblende and brown biotite. Biotite also 
envelops the accessory iron ore. The rest of the rock is composed of subhedral 
laths of labradorite and anhedral quartz. Elsewhere, but not shown here, 
bluish-green arfvedsonite forms fringes around some of the hornblende. 

iron ore, 6.5; apatite, 2.5; and a little interstitial micropegmatite. 
Finally, at the top. there is fayalite ferrogabbro of this composition: 
plagioclase (An 3 o), 24 percent; augite, 37; olivine (Fa 9fl ), 21; iron ore, 
9; quartz, 6; and apatite, 3. In this topmost rock some of the plagi¬ 
oclase is rimmed with perthite, and the quartz is intergrown with 
augite or occurs interstitially in the plagioclase, usually intergrown 
’with alkali feldspar to form micropegmatite. These interesting and 
unusual rocks would be classed as quartz-bearing diorites if the 
nature of the plagioclase were the sole criterion in classification; but 
since their color indices exceed 40, their silica percentage is less than 
50, and their chief mafic minerals are olivine and pyroxene, they are 
better classed as gabbros. 

Normal Gabbros, Eucrites, and Norites 

Most rocks falling under this caption are devoid of phenocrysts 
and have a hypidiomorphic-granular texture. In many of them the 
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Figure IS. Gabbros and Trocioliic 

A. Diallagc gabbro, Volpersdorf, Saxony. Diain. 3 nun. Labradorue and diallagc 
are the chief primary minerals; the latter shows kclyphitic fringes of tremo- 
lite. The remainder consists of serpentine and talc. 

B. Augitc gabbro. Glen More ring dike. Mull. Scotland. Diam. 3 mm. Chiefly 
composed of labradonte and augite ophitically intergrown. Accessory con¬ 
stituents include serpentinized olivine, needles of apatite, flakes of biotite 
bordering plates of ilmenite, and. in the upper-left portion, a micrographic 
patch of quartz and potash feldspar. 

C. Troctolite, Volpersdorf. Saxony. Diam. 6 mm. Essentially an olivinc-labra- 
dorite rock. The olivine is almost entirely converted to serpentine, and the 
surrounding feldspar is criss-crossed by expansion cracks. Accessory augitc is 
partly embedded in the feldspar and also forms fringes around the olivine 

mafic constituents are closely grouped and are commonly segregated 
in fairly definite bands. In undeformed rocks the average grain 
diameter usually exceeds a millimeter, save in varieties carrying 
quartz or alkali feldspar or both. But in sheared and schistose rocks, 
which arc widespread, much of the feldspar may be granulated to 
smaller size, and much or all of the pyroxene is replaced by fibrous 
amphibole. 

In normal gabbros, such as that shown in Figure 13AB, the plagi- 
oclase is generally labradorite in anhedral or subhedral, stumpy 
crystals with abundant albite and pericline twins, but more sodic 
feldspar may be present in minor amount. The plagioclase, if it 
formed before the pyroxene, is enveloped in ophitic fashion; more 
often the two minerals crystallized at about the same time, so that 
they interfered with each other during growth. Zoning of the 
feldspars is much less common than it is in diabases and basalts, and 
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is almost invariably of the normal type. In some gabbros the feldspar 
crystals are water-clear; in others they are heavily charged with 
minute inclusions of rutile, ilmenite, hematite, amphibole, or 
pyroxene; in still others they are thoroughly altered to cloudy masses 
of “saussurite”—mixtures of finely divided zoisite, clinozoisite, or 
epidote, accompanied by albite, quartz, calcite, chlorite, and occa¬ 
sionally garnet. Such saussuritic alteration results from the activity of 
deuteric solutions, from the influence of emanations given off by 
later intrusions, and from low-grade regional metamorphism. 

Orthoclase and anorthoclase may be present, but only in minor 
amount. Occasionally one or the other may form thin shells enclosing 
crystals of plagioclase, but generally they are mingled with quartz 
in micrographic interstitial patches. 

The dominant mafic mineral of normal gabbros is augite or dial¬ 
lage, either of which may include minute lamellae of orthopyroxene. 
Rims of hornblende may develop during the magmatic stage; more 
often the clinopyroxene is uralitized—that is, is replaced by fibrous 
actinolite or tremolite through the same agencies as those responsible 
for the saussuritization of the feldspars. Pigeonite, as we have seen, 
is abundant in the finer-grained equivalents of gabbros, but is 
generally absent here, its place being taken by hypersthene charged 
with oriented, platy inclusions of augite.* Dark-brown biotite occurs 
in small amount, usually as reaction rims around iron ores. Other 
minor accessories include pyrope, spinel, rutile, apatite, and zircon, 
together with the ore minerals, magnetite, ilmenite, picotite, and 
chromite. 

Eucntes are characterized by extremely calcic feldspar—namely, 
bytownite or anorthite. Augite is their chief mafic mineral, hyper¬ 
sthene is almost always present, and most varieties carry abundant 
olivine. Rocks of this kind are common in the Tertiary ring com¬ 
plexes of Scotland and among stony meteorites. 

Most norites have a hypidiomorphic- or allotriomorphic-granular 
texture. Their typical feldspar is labradorite or bytownite, although 
in some specimens the plagioclase may be normally zoned from cores 
of anorthite to rims of andesine. Bronzite and hypersthene predomi¬ 
nate among the dark constituents, but olivine may be abundant. 
Among the pyroxenes, bronzite generally develops first, though it 
may be preceded by magnesia-rich augite. Hypersthene crystallizes 


• Hypersthene with this structure is believed to have formed by inversion of pigeonite 
(with attendant exsolution of augite lamellae) on cooling below about 1,100* C. 
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next, then hypersthene with oriented lamellae of augite, and, finally, 
when formation of hypersthene ends, ferroaugite may continue to 
form until almost pure lime-iron ferroaugite may develop. Not 
uncommonly these pyroxenes are altered to chlorite, serpentine, or 
talc. Minor mafic minerals are hornblende and biortte, the former 
usually being molded on pyroxene and the latter on iron ore. 
Common accessory minerals include quartz, alkali feldspar, apatite, 
magnetite, and ilmenite. In addition, many norites contain cor- 
dierite, garnet, spinel, andalusite, and sillimanite; the origin of all 
these is generally ascribed to assimilation of aluminous wall rocks. 
Indeed, many augite gabbros, contaminated in this way, pass into 
norites; the addition of alumina to the magma, by favoring early 
separation of lime-rich plagioclase. leads to crystallization of ortho- 
pyroxenes with or without clinopyroxenes. 

In hornblende gabbros the chief mafic mineral is brown or 
greenish-brown hornblende, and the plagioclase is generally more 
calcic than Ab.An,. Some of these rocks are unusually mafic, having 
color indices of more than 60. Quart*, alkali feldspar, and biutite are 
more abundant than in normal gabbros. but olivine is much less 
abundant. Two examples must suffice. In the hornblende gabbro of 
the San Marcos complex of southern California, anortlute makes up 
two-thirds of the volume, hornblende a quarter, and the rest is com¬ 
posed of pyroxene, apatite, and iron ore. In the Gilford gabbro of 
New Hampshire, labradorite makes up half the volume, hornblende 
a fifth, augite another fifth, and magnetite and other minor acces¬ 
sories form the remainder. In both of these examples, as in most 
hornblende gabbros, the hornblende occurs as large ophitic and 
poikilitic plates enclosing the other constituents. 

Hornblende norites arc well represented in the Cortlandt complex 
of New York. Here, accompanying the calcic plagioclase and pyrox 
enes, are two kinds of hornblende, one a prismatic green variety of 
early growth, and the other a poikilitic brown variety of deutertc 
origin, formed by replacement of plagioclase and pyroxene. Some 
pieonaste was formed at the same time as the brown hornblende, 
tn tact, some of the deuteric solutions that liberated alumina, 
magnesia, and iron to form these minerals passed outward from the 
■tome to produce spinel, corundum, magnetite, garnet, and sap- 
pnirine in the adjacent emery deposits. 

** e * a ™P les of 1 ™rtz-bearin g gabbros and norites we select those 

the Sudbury lopolith in Ontario (Fig. 12C). In its lower part the 
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norite here contains plagioclase with cores of Ab.An, and thin clear 
rnns of calcic andesine; the mafics, in order of abundance, are ortho- 
and clino-pyroxenes, amphibole, and biotite. Quartz occurs inter¬ 
stitial ly, replaces the margins of some of the plagioclase crystals in 
p-aphic intergrowths, and also forms larger plates enveloping the 
feldspars. In the overlying, more basic part of the norite, dusty-brown 
plagioclase (An 55 ) is the principal constituent. Next in order of 
abundance are clinopyroxenes and stumpy euhedral prisms of ortho- 
pyroxene, some of which contain lamellae of clinopyroxene. Re¬ 
action rims of greenish hornblende are common, and some of them 
are fringed by bluish-green sodic amphibole. Biotite occurs as a late 
reaction product, particularly around iron ores. A little quartz is 
present interstitially. Still higher in the lopolith the content of 
quartz increases, but there the rocks are gabbros rather than norites, 
for all the pyroxene is monoclinic. In some other quartz norites the 
quartz is intergrown with orthoclase in interstitial patches of micro¬ 
pegmatite. 

Biotite gabbros are extremely rare, though their medium-grained 
hypabyssal equivalents are not uncommon. 

All of the foregoing kinds of gabbro and norite have very coarse- 
grained pegmatitic varieties, most of which carry abundant iron ore, 
are rich in apatite, and have slightly more sodic plagioclase. 

Anorthosites and Related Rocks 

Anorthosites form vast intrusive bodies, chiefly of pre-Cambrian 
age. Well-known bodies occur in Minnesota, Quebec, the Adiron- 
dacks, Labrador, and Norway, and these rocks are also widespread 
in many layered lopoliths, such as the Stillwater complex of Montana 
and the Bushveld of South Africa. They are generally coarse-grained 
rocks of hypidiomorphic- or allotriomorphic-granular texture, and 
many of them also have an autoclastic or protoclastic texture. Sup¬ 
posedly most of them, apart from those found in layered lopoliths, 
were intruded in an almost solid condition; hence many of the 
plagioclase crystals, of which they are mainly composed, are tritu¬ 
rated, especially along their edges, some are reduced to ovoid disks 
with granulated rims, and some show curved twin lamellae and 
undulatory extinction. Between these deformed crystals there may 
be irregular veinlets of undeformed, later-crystallized minerals, such 
as quartz, microcline, sodic plagioclase, garnet, epidote, and chlorite, 
produced after magmatic flow had come to an end. 
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By n r , 'I' 6 f" ef mincral of anorthosites is calcic plagioclase, 
generally labradome. In some varieties, however, the feldspar is even 
more calcic. For instance, 95 percent of the San Marcos anorthosite 
of southern California consists of anorihite. An„„, the other con¬ 
stituents being hornblende and augite, and much of the Bushveld 
anorthosite is composed almost solely of by.own.te with accessory 
bromite In most of the anorthosites of the Adirondacks, Ontario 
and Quebec, on the other hand, the plagioclase is calcic andesine 
1 hence these rocks arc sometimes classed, not with the 

gabbros, but with lime diorites and are referred to as andesinilcs 


Figure 14. 
Anorthosite and 
Andcsinite 
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Troctolite and Allivaiite 

Fhe coarse-grained rocks now to be described are composed almost 
entirely of olivine and plagioclase. In troctolite the plagioclase is 
either labradorite or bytownite; in allivaiite it is anorthite. Textures 
vary according to the proportions of the two chief minerals, the 
preponderant one generally being more nearly euhedral because it 
formed first. In the allivalites of the Scottish Isle of Rum, however, 
the olivine is euhedral if it makes up more than a third of the 
volume, and ophitic if present in smaller amount. Other allivalites 
have an allotriomorphic, equigranular texture, the anorthite and 
mafic minerals forming a mosaic pattern because they crystallized 
simultaneously. Where allivaiite grades into troctolite, the feldspars 
usually tend to change from approximately equant polyhedra to 
thick tablets like those typical of gabbros. 

The olivine of troctolites and allivalites is generally rich in iron, 
and it may be largely or wholly converted to antigorite, bowlingite. 
or iddingsite, so that in hand specimens the pale feldspathic matrix 
is stippled by vivid black, red, brown, yellow, and green spots. Hence 
the German name for troctolite is Forellenstein —literally, "trout- 
rock." The expansion involved in serpentinization may be sufficient 
to cause radiating cracks in the surrounding feldspars, as depicted 
in Figure 13C. The olivine crystals may also be enveloped by 
kelyphitic rims of orthopyroxene, spinel, and fibrous amphibole. 
Hypersthene, enstatite, and diopsidic augite may also be present as 
discrete crystals, but only in trifling quantity, and occasionally one 
may find small scraps of hornblende and biotite The ore minerals 
chromite and chrome-magnetite usually occur as accessories. 

In the Oslo region, Norway, there are alkaline troctolites, deep- 
seated equivalents of effusive mugearites. Their chief mafic mineral 
is olivine, as in normal troctolites, but their plagioclase is more sodic, 
being either andesine or oligoclase, usually attended by a little 
alkali feldspar, either anorthoclase or antiperthite or both. Apatite 
and iron ore are abundant. Some petrographers put these rocks in 
the Diorite Clan, but because of their mineralogical identity with 
the mugearites and because their silica percentage is less than 50, 
they are here assigned to the Gabbro Clan. 
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The Alkali Gabbro Clan 

Alkali-rich basic igneous rocks 


Our concern in this chapter is with silica-poor, alkali-rich rocks 
clist.ngu.shed from those already described by abundance of alkali 
feldspars or feldspathoids or both. Some of them, by increase of their 
color indices to more than 70. grade into members of the Ultramafic 
Clan; others, by increase in silica content, grade into rocks of inter- 
mediate type, such as trachytes and phonolites and their coarser- 
grained equivalents, the syenites and feldspathoidal syenites; still 
others grade into the calcalkaline rocks of the Gabbro Clan, already 
“cussed. Clearly defined boundaries are particularly hard to draw 
Here because the coarser-grained members of the Alkali Gabbro Clan 
are unusually variable in mineral content. 


Fine-grained Types 

Trachy basalts 

Most trachybasalts are closely associated with trachytes and phono- 

orTtluTothe° n rh and ’ T l w,lh olivine basaUs and o'igoclase basalts 
* * ° her - Fhcy 8ra, ' C ,mo " ,e fo "ner <>y increase of alkali feld¬ 
spar at the expense of plagioclasc, and into the latter by the reverse 

bv a X r arC CharaC ‘ erized the P res cnce of olivine and augite 
by plagioclasc more calcic than andesine, and by potash feldsoar 

.n.oun.ing'oT.e 

£ form! h P 8,<> C ', W ‘ Ch may bC 35 Ca,dc as anor 'hite, gener- 
do so lm PhCn i r ryStS; ‘ hC P °' asl1 ,dds P ars ' on ‘he contrary, Lely 
„ e piS r CUr “ ,llC Rr0, " ,dmass ° r form jackets around 
varied bm a ? 8 , ‘ he P^nes, augite is the commonest 

■e«y. but many trachybasalts carry pinkish and purple titanaugite 
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or tuamferous pigeonite, a few contain phenocrysts of enstatite, and 
a few contain a little brown hornblende or biotite or both. The 
normal iron ores are magnetite and titanomagnetite. Leucite is a 
sporadic minor constituent. Groundmass analcite of deuteric origin 
is generally present and may replace part of the feldspar. Rocks in 
which it makes up less than 10 percent by volume, and in which 
alkali feldspar forms less than an eighth of all the feldspar, are 
termed analcite basalts, but those in which alkali feldspars constitute 
between an eighth and a half of all the feldspar are more appropri- 
ately called analcite trachybasalts. 

Some trachybasalts, like those of the Navajo-Hopi country of 
Arizona and New Mexico, are effusive equivalents of the dike rocks 
known as mincttes (see p. 85). These lavas contain only a small 
amount of calcic plagioclase, or none at all, being composed essen¬ 
tially of diopsidic augite, olivine, and biotite, with accessory iron 
ores, apatite, and sphene or rutile, in a matrix of sanidine, either as 
anhedral, poikilitic plates or as microlites. 

Spilites 

Intrusions of spilitic diabase and pillow flows of spilitic basalt are 
widespread and voluminous among the rocks formed in gcosynclines, 
and many are accompanied there by sills of serpentine and kerato- 
phyric lavas (p. 101). But although most spilites are emplaced under 
the sea, they are also to be found among rocks formed on land; and 
although mosi pillow lavas are spilites, many are not. 

Even though their characteristic feldspars are as sodic as albite 
and oligoclase, the spilites are classed among the basalts because of 
their low content of silica, which usually approximates 50 percent. 
Texturally, the intrusive types differ little or not at all from the 
extrusive types. Quickly cooled borders of sills and the skins of lava 
pillows are composed largely of dark sideromelane or palagonite, 
and some exhibit variolitic texture. The interior portions, on the 
other hand, of both sills and flows normally show intersertal texture, 
irregular spaces between the feldspar laths being occupied by chlo¬ 
rite, chlorophaeite, calcite, or glass. Vesicles and amygdules are 
abundant in these rocks, the latter usually being filled with calcite 
and chlorite, or, less commonly, with epidote, opal, and chalcedony. 

Spilites consist essentially of divergent laths of albite or oligoclase, 
some of which may be bent, accompanied by granular or platy 
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ilmenite that is largely changed to leucoxene, and by abundant 
c onte. calcite, and epidote. Relic granules of augite, which may be 
distinctly titan.ferous, are not rare, but usually the original pyroxene 

15 Wh °" y r fP'f ed b y ch '°rite or fibrous actinolite. Olivine is quite 
exceptional Some specimens include occasional phenocrysts of 
andes.ne or labradorite. generally sheathed with more sodic feldspar 

soda P rich f M S f "" ( d ™ ion of tlle of the characteristic 

oda-nch feldspars of sp.htes. Some crystals are water<lear; more 

have a cloudy appearance or are densely charged with specks of chlo¬ 
rite, calcite, and epidote. In some instances their sodic nature appears 

, ",| r r ary , r : in °' herS h is a PP arcnt tha ‘ originally more 

or durin I*" albilized ’ after the rocks solidified 

r dur ng the final stages of solidification, the requisite soda being 

sedimen I" orT ' ValCr ' ‘ ‘ rappcd in ,he assodated 

sediments, or from emanations given off by underlying bodies of 

magma. The prevalence of chlorite, calcite, and actinoHte Suggest, 

■he pervasive effects of deuteric solutions. But since the mineral 

assemblage of sp.l.tes closely resembles that of many weakly meta 

maTbe OS a C ?| baSiC r0tkS ^ ‘ he Greenschi « Facies, some spilites 
may be, at least m part, of metamorphic origin. P 

Basanites and Tephrites 

These are plagioclase-bearing basic lavas in which feldspathoids 
t up more than 10 percent by volume. Tephrites either lack 

l"" c,te rich 'yP ei these analcite, usually attended by other 

mmmm 

plisl. titanaugite; colorless diopsWic autfteTs tL^common “ T 
pyroxenes are absent, as in all feldspathoS l ^clTcSdc Tl-°T' 
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Figure 15. Spilacic Diabases 


A. Spilitic diabase, VVcilburg, Latin. Germany. Diam. 2 mm. Cloudy laths of 
oligotlasc in an intcrsertal matrix composed of chlorite, calcite, granular 
ilmcnitc, and leucoxcne. 


B. Amygdaloidal diabase, Coast Ranges, California. Diam. 2 mm. Laths of cloudy 
oligoclasc and a few of albite, with relic granules of augite, in a matrix of 
chlorite, calcite, ilmenitc, and leucoxene. Amygdules filled by calcite and 
chlorite. 


C. Variolitic diabase. Mount Tamalpais, California. Diam. 2 mm. Specimen from 
a pillow sill. Subradiating laths of oligoclase and slender prisms of augite, in 
a groundmass of calcite, chlorite, and leucoxene. Amygdules of calcite and 
chlorite. 


nanites (see p. 60) do to calcalkaline diabases. By virtual or complete 
disappearance of feldspar they pass into analcitites, most of which 
belong to the Ultramafic Clan. 

Nephelinc-rich types. In most nepheline basanites and tephrites, 
laths of Iabradorite or bytownite make up between 20 and 40 percent 
by volume, and many of them have thin rims of more sodic plagi- 
oclasc or of soda sanidine. Nepheline, which is generally about half 
as abundant, rarely forms phenocrysts; it normally occurs in the 
groundmass as anhedral interstitial grains or as large poikilitic 
patches. Hauyne, nosean, and Ieucite may be found as small cuhedral 
crystals, while analcite and natrolite may occur in irregular blotches 
or may fill amygdules. The typical pyroxene is purplish titanaugite, 
which forms cuhedral phenocrysts, sometimes fringed with greenish 
aegirine atigite, and small anhedra in the matrix, where it is accom¬ 
panied by sodic pyroxenes. Brown barkevikitic hornblende and 
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bluish arfvedsonite are seldom more than minor accessories, though 
in the lava known as kulaite amphibole is abundant enough to be 
counted as an essential constituent. Reddish-brown titaniferous 
biotite, also, is normally present only in minor amount, but occa¬ 
sionally it may form large and numerous poikilitic flakes. Olivine, 
the presence of which distinguishes basanites from tephrites, is 
almost invariably in phenocrysts: much of it is altered to antigorite. 
Finally, in common with most basic, soda-rich rocks, these lavas 
contain considerable titanium, the characteristic ore being titano- 
magnetite, usually accompanied by sphene and perovskitc. Apatite 
IS an ever-present accessory. 

Leucite-nch types. By increase in feldspars and decrease in leucite, 
these lavas grade into trachybasalts; by the reverse change they pass 
into leucitites. Many names have been applied to the transitional 
varieties, but only a few merit definition here. Two lavas inter- 
mediate between the leucite basanitc tephrite group and the trachy- 
basalts, and therefore marked by abundant orthoclase or sanidine, 
are orv,elite and vicoite. A representative orvietite has the following 
mode in volume percentages: plagioclase (An™), 32; sanidine, 29- 
leucite ± nepheline. 17: augite. 14; biotite ± olivine, 5; iron ore 
plus apatite 3. A typical vicoite has this mode: leucite phenocrysts, 
40, plagioclase (An.,), 20; sanidine, 20; augite plus olivine 15- 
accessories, including nepheline. 5. Lavas transitional into leucitites’ 
on the other hand, carry less plagioclase and little or no potash’ 
feldspar. Among these are .he vesuviles, currently being erupted 
from \ esuvius. a representative sample of which has the following 
mode: leucite phenocrysts. 40; augite, 34: plagioclase (An,.). 18: 
olivine, iron ore, and apatite. G; nepheline or sodalite or both, 2 

teohrhes '.h CS ° ? nM,i ? na ! ,ypCS> 35 in " ,C lc,,dtc Unites and 
tcphn.es themselves, the leucite crystals commonly occur in two 

a!«l ra n 0nS ' 35 l3r8e |, '' tn0,ryStS wi,h Polysymhetic twinning, and 

delusions of trOP ‘ C gra ' nS ^ tl,C ^oundmass. Radial and concentric 

he ,man ' r ° n C ‘ C ' arC P lcnlif “'. Particularly in 

he smaller grains. Where alteration has taken place, it is usually 

anidine w'?h “ ^ e ' lrlole,, " ite ' which » a mixture of orthoclase Jr 
sanidine with nepheline or zeolites. The olivine of the basanites is 

ETf and " 8CnCr3l,y Greenist To^sidic 

common hTT"' Pyr ° Xen °' a,,hou S h titaniferous augite is also 
common, and both may be enveloped bv jackets of • 
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Figure 16. Feldspaihoida! Lavas 


A. Ncphelinicc. Mikcno. East Africa. Diam. 1 mm. Microphenocrysts of green 
* Ug,,C anil nepheline. in a matrix o( dark brown glass with granules of iron 
ore and slender microlitcs of sanidinc. 

It. Lcucite basanitc, Vesuvius. Italy. Diam. 3 mm. Phenocrysts of olivine, green 
! '° I>SU ,C aUR,lc ' an<1 lcuc,lc * in ar » intergranular matrix of labradorite laths, 
iron ore, and augitc. Locally there arc minute interstitial grains of sanidinc. 

Hauynophyrc. 1 ahiti. Diam. I mm. .Microphenocrysts of deep-sky-blue hauyne 
with sagenite webs of rutile; slender prisms of pale-gTeen diopsidic augite and 
cuhedral granules of iron ore. in a matrix of pale glass. 

specimens. Labradorite is the normal plagioclase, though phenocrysts 
of bytownitc may be present as well; potash feldspar either forms 
shells around these or builds individual microlites and anhedral 
grains in the matrix, locally intergrown with nepheline. Prevalent 
accessories include hauyne. sodalitc. melilite, sphene, perovskite, 
apatite, and iron ores. 

Extremely dark leucite basanites, with color indices of more than 
60, are widespread among the products of several volcanoes in East 
Africa. For an account of these kivites and murambites the reader 
should consult Johannscn's text. 

Nephelinites and Leucitites 

These are lavas, shallow intrusives, and pyroclastic rocks in which 
feldspar either is absent or at most makes up 10 percent of the 
volume. Those rich enough in mafic minerals to belong to the 
l ltramafic Clan arc discussed in the next chapter. 

In nephelinites most of the phenocrysts are nepheline and diop- 
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s.dicor titaniferous augite, commonly bordered with aegirine-augite 
although porphyritic nosean, hauyne, or sodalite may also be present 
The groundmass is usually composed of the same minerals accom¬ 
panied by iron ore, apatite, sphene, perovskite. and needles of 
aegirite. Biotite and sodic amphiboles are occasionally to be seen 

and m some rocks there is a little leucite or melilite. Deu.eric zeolites 
are seldom absent. 

Precisdy the same suite of minerals is to be found in leucitites, but 
2T ,C and 8 rou ndmass leucites are the predominant feld- 

ma iv V," n 8 3bSent ° r ° n ' y 3 rare const ‘ tuer >t of the 

en a c r -n„ M r hh,e 15 r e, ‘ meS abundam as ,ar 8 c poikilitic plates 
enclosing leucite and pyroxene, and melanite garnet is not infre¬ 
quently present. An interesting variety of leucitite, known as Halite 



Figure 17. Leucitc-rich Lavas 

A N "n ,OPhyre /'r'"' P l,onoli,e )' Ri'den. Eifel, Germany. Diam 9 mm 
T: ° f C ' and embayed nosean. in a d^nTe 

“arnet * ,nMUg,,e - * li,,le «?*•*»*. »"« -E 

11 Efph^oT K ' mbC ' lcy : Aus,ra| ia Diam. 2.5 mm. Composed of leucite, 
included T,be ma 8 n °P h ° r, ' C - smallcr diops.de (some of which are 

wc ion) flake of M° P ) ' 3 ' iKle ser P enl 'nired olivine (lower edge of 
- - ™“" - ■ 

f of d le. C, - e ' W , CSt Kimbcr,e y- Australia. Diam. 2.5 mm. The larger crystals arc 
perovskite maran *h ^ |,, | ,l 1 ° 80p,te: lhe matrix consists chiefly of rutile. 
Not shown Zfp^emin P ‘ zeo,iles * a " d indeterminate materials. 

. olivine. * P 0,051 cedr,c,tes ' are serpentine pscudomorphs after 
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is found among ejected blocks blown from volcanoes in the Alban 
Hills near Rome, Italy. In this type, crystals of leucite make up no 
less than 90 percent of the volume, the remainder consisting of 
aegirine-augite, hauyne, melilite, melanite, biotite, iron ore, and 
apatite. 

Some olivine-bearing leucitites are heteromorphs of the lampro- 
phyric dike rocks called minettes (see p. 85), into which they may 
grade within a single intrusion, as they do in the Navajo-Hopi coun¬ 
try of Arizona and New Mexico, where the olivine and leucite of 
the lcucitite give place gradually to the biotite and orthoclase of the 
minette. 

No more remarkable leucitic lavas are to be found anywhere than 
those recently recognized in Western Australia. Some of these, in¬ 
deed, carry more leucite than any other lavas except the italites. 
They form plugs, flows, and dikes. All are rich in potash, magne¬ 
sium, titanium, and barium, and low in sodium and aluminum; 
their silica percentages range from about 45 to 55. None carries feld¬ 
spar, the usual constituents being leucite, titaniferous phlogopite, 
diopside, rutile, olivine, and the manganiferous amphibole magno- 
phorite, a variety of kataphorite. Most of the rocks have a turbid, 
irresolvable groundmass sufficiently rich in silica to have yielded 
sanidine rather than leucite if it had crystallized. Examples of these 
strange rocks are illustrated in Figure 17. 


Coarser-grained Types 

Hypabyssal and plutonic rocks of the Alkali Gabbro Clan are par¬ 
ticularly variable in coarseness, texture, and mineral content. Even 
single hand specimens may exhibit much variety. For this reason 
their classification is extremely difficult. 

Kentallenites 

These rocks are medium- and coarse-grained equivalents of trachy- 
basalts. They are distinguished from monzonites (p. 93) by abun¬ 
dance of olivine, color indices of more than 60, and a lower percentage 
of silica. As in monzonites, however, plagioclase and orthoclase are 
present in approximately equal amounts; so are augite and olivine; 
and each of these four minerals usually makes up about 20-25 per¬ 
cent of the volume. Biotite is almost invariably present, generally in 
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large poikilitic crystals; iron ore and apatite are the principal acces^ 
sory constituents. r 

Shonkinites 

These rocks form an especially heterogeneous group. Many rocks 

mosTo/fh th ' S name 3re ba$iC nt 'P'>eline-heanng syenites, but 
most of them are poor enough in silica and sufficiently rich in mafic 

minerals to be included in the Alkali Gabbro Clan Plagioclase is 

feSrVonh' 7 ° n ' y COns,1,ucnt: thc characteristic 

an half of . T ° r Whkh makeS U P b «ween a fifth 

mitolites h i yP ' C Spe< "" C i n ' Normall y thc P™sh feldspar forms 
microlites but in some rocks it occurs as large poikilitic plates 

Interstitial nephel.ne, sodalite. analcite. or leucite may be present’ 

m small amount. Among the mafic minerals, diopsidic augite is in 

?"u b i y t tbe ,. Ch,Cf ' ,,suall >' form 'ng between 25 and 40 percent of 
•h bulk. Where t adjoins analcite or nepheline. i, may be accLm 
pamed or rimmed by aegirine-augitc. The next most plentiful mafic 

5^ 20 nerc ^777 ^'7 ^ “ aVera * e S P edmc " for ™ '-tween 
orTenidomeT k ,' umc ' Tbcn fo,lo " s reddish-brown biotite 
lepidomelane, while arfvedsonitc and barkevikite are to be seen 

mor constituents; apatite, sphene. and iron ores are invariable 
ccessories. Shonkinites are illustrated in Figure 18BC. 

Malignites 

lite^ture'undJr.J" 0 "' Variab ' e ^ S P edmens described in the 

mafic !v . S " ame ra " ge fTOm nc P helinc syenites to ultra- 

mafic pyroxeunes, but here we restrja , he name 

Ontario n i 8 n , thesr mina " t ° nCS 3 ‘ ‘ he lotali,y ° n Poohbah Lake! 
orthoclase and nIph C T r,ne f’ a,,R1,e K makeS UP ab ° Ut ha ' f the volume : 

ssgpsssE* 
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Figure 18. Maligniie and Shonkinices 

A. Malignite, Poohbah Lake, Ontario. Diam. 3.5 mm. Deep-green aegirine- 
augitc, gTeen biotite, and melanite garnet are the dark constituents. Between 
them lie cloudy euhedral nephelines and grains of apatite embedded in 
poikilitic plates of orthoclase. 

B. Shonkinite. Shonkin Sag, Montana. Diam. 5 mm. Approximately 25 feet from 
the base of the laccolith. Pale-green augite with rims of dark-green aegirine- 
augite; olivine, enclosed by both pyroxene and biotite; groundmass of sani- 
dine, in part graphically intergrown with zeolitized nepheline; accessory 
apatite. 

C. Shonkinite, Spanish Peaks. Colorado. Diam. 2 mm. The chief mafic minerals 
are diopsidic augite (partly fringed with aegirine), dark-brown biotite, and 
fresh olivine. The groundmass consists of large anhedral poikilitic plates of 
kaolinized sanidine, together with a little analcite. Accessory iron ore and 
apatite. 


microcline takes the place of orthoclase. In these rocks the nepheline, 
which is largely changed to aggregates of natrolite and white mica, 
encloses the feldspars poikilitically. In other malignites, including 
those from the Katzenbuckel, Germany, poikilitic orthoclase encloses 
euhedral crystals of nosean and hauyne as well as nepheline, and the 
dominant mafic mineral, soda diopside or aegirine-augite, is at¬ 
tended by olivine. 

Essexites and Theralites 

These rocks, like the malignites, also are feldspathoidal gabbros 
of widely varied composition and texture. The two species consist 
essentially of the same minerals, but in different proportions. Un- 
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A B 

Figure 19. Theralice, Teschcnicc, aiul EsMrxiic 


, U T U ' Bol,em,V Diam 2 T>*»naugiie is imcrgrown with 
dark brown barkev.ktw and a liule b.omc: the abundan. ore is titanomagne 
Wc. Large |,ihs of labradori.c will. il,i„ shells of calcic andesine; inier- 
■mal. partly kaol.n.zed nephelinc. Accessory prisms of apali.c. No. shown 
bu^seen elsewhere, are .bin rims of sanidine around some of .he plagioch.se 


“ auehe^'fl'k* , ' K ! K .°'"’ , . S ‘ 0 ' |J,K ' 2 """ I'"'" 1 ' Purplish .i.an- 

■ gill, flakes of deep-brown bioii.c; serpen.inired olivine (right edge)' and 

granular l.lanomagneiiie. These dark cons.i.uems lie in a colorless mairix 
of corroded labradori.e la.hs, deu.eric caki.e, and abundan. analci.e crowded 
with aticular apatite. 

C E “ cxi “- R «"gsioik. Bohemia. Diam. 2 mm. The mafic minerals are .i.an- 
aug.ie. barkeviki.e. and bio.i.e. The chief lelsic cons.i.uems are zoned 
I lagioclasc (An„ 0 , J5 ). wedge-shaped areas of or.hoilase. and ,iip" interstitial 
patches of altered nepheline. The accessories are iron ore. apa...e, and sphene. 

fortunately, there is not much agreement as to the limits between 
icm hither rock, moreover, may grade within a short distance into 
a tcldspathoidal monzonite or thorite on the one hand, or into an 

r 'r Vrf , ,he ° ther li0 "' ‘° main about " le amount 

flu , T 3 " “ eSSCX ' le ' ,aS m ° re P'^^lase and less of the 
leldspathoids than theralite. 

ha' 1 !:!.? 1 ;: CSSCXi,C - ^ hich tomcs from Sal ™> Neck, Massachusetts, 
D l . follo ' v,n g ™ode in volume percentages: soda orthoclase, 20* 

o h't aSC ',f : r phe,ine * 20: maf,C minera,S ’ 30: 2 . The; 

arcmmlThc 1 * e . nepheline - is ^""ally anhedral or forms jackets 

1 i' aK n la l ; ° C T° nally " is - proxied by 

opcrtlutc. I he plag.oclase ts normally subhedral or euhedral 
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and varies in composition from about A noo to An 35 . Among the 
mafic constituents augite usually predominates. In most specimens 
it is purplish titanaugite, often as large phenocrysts, but it may be 
diopsidic augite. Aegirine-augite and aegirite are exceptional. Brown 
hornblende bearing sodium or titanium or both is almost invariably 
present, and in some essexites it may be more abundant than py¬ 
roxene. Biotite is never more than an accessory mineral. Olivine may 
be altogether absent, is usually found in quite subordinate amount, 
but occasionally may be even more plentiful than pyroxene. The 
usual minor accessories are apatite, sphene, and titanomagnetite. and 
in any cssexite some of the interstitial nepheline may be replaced 
by analcite. 

It should be noted that most of the essexites from Massachusetts 
are much richer in nepheline than those from other regions. In the 
specimen from Bohemia, illustrated in Figure 19C, nepheline forms 
only a few percent of the volume, whereas orthoclase makes up 10 
and plagioclasc more than 40 percent. 

Finally, among the ejected blocks of Monte Somma, Vesuvius, are 
fragments of cssexite, known as sommaitc, in which leucite takes the 
place of nepheline and sanidine takes the place of orthoclase. 

In thcralites, soda predominates more markedly over potash than 
it docs in typical essexites; hence these rocks are even more clearly 
distinguished from shonkinites, in which potash exceeds soda. What 
characterizes the thcralites mineralogically is the abundance of sodic 
feldspathoids, which are chiefly nepheline and sodalite but often 
include also hauyne and nosean. Unfortunately, when Rosenbusch 
introduced the name , •theralite• , to designate rocks sent to him from 
the Crazy Mountains of Montana, he thought that the principal feld¬ 
spar was plagioclase. Subsequent studies have shown, however, that 
the rocks contain either no plagioclase or very little, their chief or 
only feldspar being barium orthoclase. And most theralites found in 
other regions are likewise much poorer in plagioclasc than ortho¬ 
clase. An exception is a rock found at Duppau, Bohemia, shown in 
Figure I9A, which is a variety transitional to essexite. 

The average of seven modes of recently studied theralites from 
the Crazy Mountains is as follows: augite, 38; orthoclase, 20; nephe¬ 
line, 14; sodalite ± hauyne, 10; biotite, 7; iron ore, 6; olivine, 2; 
aegirite, 2; apatite, 1. Minor accessories include sphene, zeolites, 
and cancrinite. The pyroxene forms phenocrysts. in which cores of 
diopsidic augite are fringed with aegirine-augite and aegirite. In 
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other theralites the pyroxene is chiefly titanaugite. Sodalite and 
hauyne tend to be euhedral. but nepheline, which usually surrounds 
them, is almost invariably anhedral. The characteristic iron ore is 
titanomagnetite or ilmenite. Olivine is to be seen in some speci¬ 
mens, and in others there are large poikilitic plates of brown barke- 
vikitic hornblende. 

Analcite Diabases and Gabbros (Teschenites, Crinanites 
and Lugarites) ’ 

Some of these rocks form discrete intrusions, but most are to be 
found as layers in differentiated sills of basic alkaline rock, and many 
grade downward, by increase in olivine, into ultrarnafic picrites. 

1 heir textures, though highly variable, are chiefly ophilic and inter- 
sertal. 

Teschenites, crinanites. and lugarites differ only in the propor¬ 
tions of their constituent minerals. Consider first the light-colored 
minerals. Analcite is least abundant in crinanite, occurring only in 
interstitial patches and seldom exceeding 10 percent by volume. In 
teschenite it not only is present intcrstitially but penetrates the feld¬ 
spars by replacement; in lugaritc it may make up half the rock. In 
all three varieties the analcite may be accompanied or proxied by 
prehnite, natrolitc, and thomsonite. and is often attended by deu- 
teric calcite. Plagioclase makes up approximately 30 percent of the 
volume in teschenite and crinanite. but only about half as much in 
Ingarite. It generally forms stout euhedral or subhcdral laths that 
exhibit normal zoning from cores of labradorite to rims of andesine 
or oligoclase, and many of the laths have shells of orthoclase, sani- 
dme, or anorthoclase. These potash feldspars may also be present as 
minute anhedra in the groundmass, but their volume, all told, never 
exceeds 10 percent. Rocks with more than this amount of potash 
■eldspar are better classed as analcite tracliydiabase, examples of 
'v uch arc common in the Tcrlingua Solitario region of Texas and 
among the radial dikes of the Spanish Peaks in Colorado. Nepheline 
more or less analcitized, is almost invariably a minor constituent of 
teschenites, crinanites. and lugarites. and. exceptionally, it may form 
almost 10 percent of the bulk. 

Consider next the mafic constituents. Of these the most charac- 
enstic is purplish titanaugite. In teschenites it makes up about 45 
percent ol the volume, and in crinanites about 25 percent, whereas 
m lugarites it is rare or absent. Commonly, and particularly in lugar- 
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ites, it is enveloped by rims of aegirine-augite or aegirite. Sodic 
amphiboles and reddish titaniferous biotite are only minor acces¬ 
sories in teschenite and crinanite, but in lugarite they are abundant. 
The usual amphibole is brown barkevikite; less common are arfved- 
sonite, riebeckite, and the titaniferous variety kaersutite. Olivine is 
rare or lacking in lugarite, but in most teschenites and crinanites it 
forms between 10 and 15 percent of the volume. The chief accessory 
constituents are apatite, pyrite, titanomagnetite, and ilmenite. 

Finally, it should be noted that all three of these rocks may con¬ 
tain late-crystallizing, coarse-grained streaks of analcite syenite into 
which they grade by increase in amount of alkali feldspar and soda- 
rich mafic minerals. 

Nepheline-rich Types 

The ijolite series is an interesting suite of rocks ranging from 
leucocratic to hypermelanic, composed for the most part of nephe- 
line and pyroxene; it is characterized further by abundance of acces¬ 
sory minerals and generally by absence of feldspar. As the color 
indices of the rocks increase, the titanium content of the pyroxenes 
rises and the soda content falls, although in some varieties the py¬ 
roxenes belong to the diopside-hedenbergite series. 

Limits between members of the ijolite series are not agreed upon, 
but here we adopt the color index as the criterion for distinction. 
Rocks with indices of less than 30 are classed as unites, those with 
indices between 30 and 70 as ijolites proper, those with indices be¬ 
tween 70 and 95 as melteigite, and those with higher indices as 
jacupirangite. On this basis the last two members belong to the 
Ultramafic Clan and are therefore described in the next chapter; 
the other two members, even though they include some ultrabasitf 
rocks, are best considered here as belonging to the Alkali Gabbro 
Clan. 

Urtite, the palest member of the series, is composed chiefly of 
ncphelinc. In the type rock, found on the Kola Peninsula, U.S.S.R., 
nepheline makes up 70-85 percent of the volume, aegirite forming 
most of the remainder, with apatite and albite as minor accessories. 
Among unites from Kenya, Africa, nepheline (50-70%) is accom¬ 
panied by abundant zeolites (natrolite, stilbite, and chabazite) and 
by accessory calcite, melanite, pectolite, and wollastonite. In these 
African rocks aegirine-diopside and not aegirite is the principal mafic 
mineral. Some unites, however, are devoid of pyroxene. Among 
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Figure 20. Ijolice, Jacupirangiie. and Foyaiie 


A. Ijollie, Magnet Cove. Arkansas. Diam. 3 mm. Composed of nephcline 
aegirme-augne. melaniic garnei. and yellowish-green bioiiie. with accessory 
apatue, sphene, and pyricc. 


B. Jacupirangiie. Alno Island. Sweden. Diam. 3 mm. Composed mainly of green 
acg.rme aug.te wi,h purplish tilanilerous borders, dark brownish green barkc- 
v.k.ie, and tnanomagnelire. Accessory minerals shown here are nephcline, 
•ip.itlie, and calcitc; not shown. Inn common in Alno jacupirangites, are 
melannc, pyritc. perovskite, and zeolites. 


C.. Mafic (oyaitc, Crazy Mountains. Montana. Diam. 3 mm. Pale green diopsidic 
aug.te w„l, rims of dark-green aegirite; subhcdral prisms of nepheline. partly 
altered to cancrinite and zeolites and including euhedral crystals of sodalite: 
interstitial barium orthoclasc; zoned biotitc; accessory apatite, sphene, and 
magnetite. r 


Htcse is .novmoulhite from eastern Ontario. This has nepheline as 
its mam felsic constituent and dark-green l.astingsite as its only 
important mafic mineral. Its accessories include cancrinite, calcite 
albiie, sodalite, iron ore, and apatite. 

Ijolitcs proper are generally hypidiomorphiogranular rocks in 
which nepheline makes up about half the volume while aegirine- 
uopside or a member of the diopside-hedenbergite scries makes up 
about a third. The long list of minerals normally found as acces¬ 
sories includes apatite, sphene, calcite. melanitc, phlogopite. soda- 
’ P cr o vs ^ lte ' wollastomte. cancrinite, pectolite, and zeolites, any 
one of which may increase sufficiently in amount to become a major 
constituent. Much of the ijoli.eon Alno Island. Sweden, and at Iron 
Mi l. Gunnison County. Colorado, is extremely rich in melanitc 
and some ,n Kenya, Africa, carries abundant large crystals of wollas^ 
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tonite. To emphasize the variability of these rocks, it is enough to 
add that the ljolite series of Iron Hill ranges from almost pure diop- 
side rocks to almost pure nepheline rocks. 

There can be little doubt that most of these ijolitic rocks, includ¬ 
ing the ultramafic varieties to be described in the next chapter, owe 
their characteristics largely to contamination of magma by assimila¬ 
tion of limestone, and it is probably for this reason that they are 
usually associated with nepheline syenites and malignites on the 
one hand and with melilite-rich, ultramafic rocks on the other. Re¬ 
placement features are widespread in all members of the series, but 
especially in the highly mafic ones, and usually the dark minerals 
formed at the expense of the light. Among the Kenya ijolites, for 
example, wollastonite has replaced nepheline, and then both it and 
pectoiitc have been partly replaced by pyroxene. In the melanite- 
rich ijolites of Iron Hill pyroxenes of the diopside-hedenbergite 
series formed first. These were then enclosed by large crystals of 
nepheline, and subsequently calcite, cancrinite, biotite, and mela- 
nite garnet were produced, the garnet replacing both the nepheline 
and the pyroxene. In other ijolites pyroxene has replaced wollas- 
tonite and pectolite. 

Finally, brief mention should be made of an unusual kind of 
ijolite found on the Kola Peninsula. This consists almost solely of 
sodalite and aegirite, nepheline being only a very minor constituent, 
along with cancrinite, natrolite, and eudialite. 

Types with Pseudoleucite 

A few ijolites, like those at Magnet Cove, Arkansas, contain a 
little pseudoleucite, but in the coarse-grained rocks known as fergus- 
ites this substance is an essential constituent. The type specimens 
come from a volcanic neck in the Highwood Mountains of Montana; 
closely similar rocks occur as blocks ejected from volcanoes near 
Rome, Italy. In typical Montana fergusites large pseudoleucites make 
up between half and two-thirds of the volume, aegirine-augite forms 
about a quarter, and the rest consists of iron ore, olivine, apatite, 
and microlithic sanidme. The pseudoleucites are cloudy spheroids, 
consisting of granular or fibrous, radiating intergrowths of orthoclase 
or sanidme, nepheline, and zeolites. These minerals were partly 
evolved by reaction between original leucite and residual solutions 
rich in soda. Many of them are surrounded by prjsms of pyroxene, 
which give the rocks an ocellar texture. 
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The Ultramafic Clan and 
the Lamprophyres 


The Ultramafic Clan 

Mosi ultramafic rocks, or uliramafites, are also ultra!,asic, for they 
contatn less than 45 percent silica; but the feature that best character- 
t/es them is the one implied by their name. All have color indices of 
more than 70. and all are typified by scarcity or absence of feldspar. 
Many of them arc found in the lower parts of thick sills, flows, and 
lopoli'hs, where they grade upward into basic rocks. Their occur- 
rence in such positions is attributed to settling of early-formed crys- 
tals. Other uliramafites probably owe their origin to remelting of 
crystal differentiates; some are produced by metasomatic alteration 
of pre-existing, less mafic igneous rocks; and still others, such as the 
huge intrusions of serpentinite. may well be derived from a primary 
perhaps largely crystalline perido.ite magma rising from beneath 
tne basaltic substratum. 

Fine-grained Types 

Effusive and shallow intrusive ultramafic rocks are not abundant 
Some of them as noted already, are localized near the bottoms of 
basic flows and sills owing to accumulation there of olivine and 

rTchTrTn'm h fi Se ° f picrite and ^karamite, 

richer in mafic constituents than those previously mentioned as mem- 

he” of tl,e <'abbro Clan (p. 41) but still containing a considerable 

“form i C n a d C,C d Pla i 8, fr laSe ' ^ finegrained ul 'ramafites, how- 

or lack oTfHH °7 OT ' ntTUSiye b ° dicS marked ^ «*rcity 

hr ( , . r T ar ’ y a d,S,inC,ly alkalinc com P os 'tion, which 

reflected by the presence of soda-rich glass, feldspathoids, or both. 
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Picrite and ankaramite. In ultramafic picrites, olivine makes up 
between half and three-quarters of the volume, the percentage of 
calcic plagioclase being usually reduced to between 10 and 25. The 
pyroxenes in the picrites associated with calcalkali basalts and dia¬ 
bases are augite and pigeonite or hypersthene, and these may be ac¬ 
companied by a little hornblende. In picrites associated with alkali 
basalts and diabases, on the other hand, the pyroxene is usually 
titanaugite, commonly rimmed with aegirine-augite, and the attend¬ 
ant amphibole is generally barkevikite or arfvedsonite. Moreover, 
the alkali picrites almost invariably carry a little potash feldspar and 
analcite, in addition to plagioclase. In both varieties the pyroxenes 
and amphiboles tend to envelop the olivines in poikilitic fashion. 

About half of a typical ultramafic ankaramite consists of large 
phenocrysts of greenish diopsidic augite and smaller granules of 
purplish titanaugite. The remainder is made up of olivine, mostly 
as phenocrysts, laths of labradorite or bytownite, biotite, iron ore, 
apatite, deuteric carbonates, and occasionally a little potash feldspar 
and glass. 

Limburgites. These form flows, dikes, sills, and plugs, usually asso¬ 
ciated with basic alkaline rocks, particularly analcite basanites and 
monchiquites. They are dark, glass-rich rocks, usually devoid of feld¬ 
spar or containing at most a small amount of sodic plagioclase or 
nepheline or both. Euhedral phenocrysts of clinopyroxene are always 
numerous, and generally they are zoned from cores of colorless diop¬ 
sidic augite to lilac and purple rims of titanaugite. Phenocrysts of 
olivine are also abundant, but seldom more so than pyroxene, and 
in some specimens there are a few microphenocrysts of biotite and 
barkevikitic hornblende. All these constituents are embedded in a 
matrix of brown, soda-rich glass, liberally stippled with granules of 
titaniferous iron ore, which are sometimes accompanied by tiny 
needles of clinopyroxene. Calcite and analcite are almost invariably 
present, either as irregular patches or filling amygdules, and in some 
limburgites there are veins and ovoid clots of chlorophaeite, formed 
by the oozing of residual iron- and alkali-rich liquids into cavities. 

Feldspathoid-rich types. Because of their unusual composition and 
rarity, these rocks have been studied in much detail, and many 
varietal names have been coined to distinguish them. Here we select 
only the commonest types, most of which are found in East and 
South Africa. 

Katungite is a melilite-rich olivine leucitite devoid of pyroxene. 
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Its silica content approximates 35 percent, making it one of the 
most basic lavas known, and it contains more potash than soda. 
Phenocrysts of melilite and olivine together make up about two- 
thirds of the rock. Apatite, perovskite, and titaniferous magnetite 
are abundant; biotite, kaliophilite, leucite, and nepheline occur in 
subordinate amounts. These constituents lie in a greenish, irresolv¬ 
able groundmass, which may carry amygdules of natrolite and phil- 
lipsite. 

Ugandite is another highly melanocratic olivine leucitite but is 
devoid of melilite. It consists essentially of olivine, with subordinate 
augite, leucite, perovskite, iron ore, and biotite in a matrix of dark 
glass. Madupite, from the Leucite Hills of Wyoming, is also a glass- 
rich leucitite. Almost half of it is diopside, about a fifth is phlogo- 
pite, and about a tenth is made up of perovskite, apatite, and iron 
ore. Leucite is rare or may be absent. The dark, glassy groundmass 
is rich, however, in both potash and soda; if it had crystallized, it 
would have been a mixture of leucite and nosean. 

Mafurite, which forms flows and ejected blocks around some East 
African volcanoes, is less siliceous and more potassic than ugandite; 
kalsilite therefore takes the place of leucite. This rare mineral is a 
polymorph of KAlSiO*. indistinguishable optically from nepheline. 
It is the chief colorless constituent in the glassy gToundmass of mafu- 
ntes, where it forms stout hexagonal and slender forked prisms, 
associated with calcite and zeolites. Scattered in this groundmass are 
microphenocrysts of olivine and augite, abundant grains of titanifer¬ 
ous iron ores, and large brown crystals of perovskite. 

Melilitites and nephelinites. These rocks generally lack plagio- 
clase; hence their original names, ‘'melilite basalt” and “nepheline 
basalt," have generally been abandoned. A few of them, however, 
contain enough silica and have sufficiently low color indices to be 
members of the Alkali Gabbro Clan. Here we are concerned only 
with the ultramafic types. 

An example of melilitite from Germany is shown in Figure 21C. 
Half of it consists of olivine and about a third of melilite. Accessory 
minerals include nepheline, apatite, perovskite, calcite, and titanifer¬ 
ous iron ore. Another example, from South Africa, is depicted in 
igure 21 A. In this one, olivine and augite each make up approxi¬ 
mately a quarter of the volume; melilite, in tablets showing "pee 
structure,- and iron ores each form about 15 percent; and the re¬ 
mainder consists chiefly of perovskite, biotite, and apatite 
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Figure 21. Melilicites 

A. Olivine melilitite, Spiegel River. Cape Colony. South Africa. Diam. 2 mm. 

1 hcnocrysts of olivine and microphenocrysts of magnetite and perovskite. in 
a groundmass composed of melilite laths (some of which have axial rods and 

peg structure ). iron ore. perovskite. pyroxene, and a little interstitial glass. 

B. Nepheline melilitite, Bushwaga, Bufumbira volcanic field. East Africa. Diam. 

2 mm. Phcnocrysts of ncphelinc and melilite. in a groundmass of the same 
accompanied by titaniferous iron ore. olivine, leucite. apatite, serpentine, and 
calcite. 

C. Olivine melilitite. Hochbohl, Wiirttemberg. Schwabische Alb, Germany. 
Diam. 2 mm. Phenocrysts of olivine and diopsidic augite. in a groundmass of 
melilite laths, intergranular iron ore. and augite. Sporadic flakes of phlogopite 

and octahedra of perovskite; a little analcitized nepheline occurs intersti- 
tially. 

Consider next the nephelinites. In the Hawaiian Islands, in East 
Africa, and near the Laacher See in Germany, some nephelinites 
contain abundant melilite, which partly replaces the nepheline and 
is accompanied by hauyne, nosean. or leucite. Most nephelinites, 
however, lack melilite; they consist, in order of abundance, of pheno¬ 
crysts of titanaugite and nepheline, a groundmass of microlithic or 
poikilitic nepheline, serpentinized olivine, biotite, and accessory apa¬ 
tite, perovskite, and titaniferous iron ore. A little calcic plagioclase 
may occasionally be present. Other ultramafic nephelinites are char¬ 
acterized by abundance of melanite garnet. These rocks are com¬ 
mon among the radial dikes of the Alno complex in Sweden. A typi¬ 
cal specimen from there consists of aegirine-augite or aegirite or 
both (40%), nepheline (30%), biotite (10%), and melanite (10%), 
with minor quantities of calcite, apatite, sphene, and iron ore. 
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Coarser-grained Types 

A few coarse-grained ultrainafites carry a small amount of calcic 
plagioclase. Most of these are made up principally of olivine and 
iron ores and are found as streaks and irregular segregations in bod¬ 
ies of gabbro. For instance, the essexites of the Oslo region include 
bands of olivine ilmenitite, a little less than two-thirds of which 
consists of ilmenite and about a third of serpentinized olivine, the 
remainder being composed of bytownite and titanaugite. Some 
coarse-grained ultramafic rocks found in layered lopoliths also carry 
a little calcic plagioclase, but with these exceptions virtually all ultra¬ 
mafic rocks are devoid of feldspar. 

Dunites. These are almost pure olivine rocks. They take their 
name from Dun Mountain, New Zealand, where they weather to a 
dun-brown color. They generally form sills, but they are also found 
as parallel lenses and cross-cutting pipes, as in the layered lopolith 
of the South African Bush veld. All of them were intruded in a solid 
or almost solid state above the temperatures at which serpcntiniza- 
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Figure 22. Mica Peridoiiie and Dunites 


A. Mica peridoiiie forming lenses in norile, Kalies Tal, Harrborg, Germany. 
Diam. 3 mm. Olivine, green spinel, reddish-brown titaniferous biotite, and 
plates of ilmenite. 

B. Dunite mylonite. Dun Mountain. New Zealand. Diam. 3 mm. Augcn of less- 
crushed olivine separated by winding bands of intensely granulated olivine. 
Trains of picotitc and chromite granules. 

C. Massive chromite-rich dunite. Dun Mountain. New Zealand. Diam. 3 mm 
Virtually all fresh olivine. 
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tion takes place, and before cooling to those temperatures they were 
already such closely knit masses of interlocking olivine anhedra that 
water could not find access to them. Two conspicuous features there¬ 
fore characterize most dunites—namely, freshness and protoclastic 
texture. Indeed, many dunites are so intensely crushed as to be 
mylonites; they contain bands of finely comminuted olivine that 
wind round •eyes" of less granulated material, ovoid porphyroclasts 
with pulverized jackets (Fig. 22B), and many olivine crystals that 
exhibit undulatory extinction and abundant translation lamellae 
parallel to the front pinacoid. 

The olivine of most dunites is either forsterite or chrysolite, but 
in some dunites, including those of the Bushveld cross-cutting pipes, 
it is hortonolite, much of which is crowded with dendritic inclusions 
of magnetite. Chromite and picotite are common in dunites, gen¬ 
erally as granular trains or lenticular clusters, often rich enough in 
ore to be classed as olivine chromitites. Other dunites are excep¬ 
tionally rich in magnetite, ilmenite, and pyrrhotite, and a few con¬ 
tain specks of native platinum. Green spinel, enstatite, and diallage 
are minor and sporadic accessories. 

Peridotites. As the name implies, peridotite, like dunite, has oli¬ 
vine for its main constituent, but it contains other mafic minerals in 
considerable amount, and varieties are designated according to the 
most plentiful of these. 

Among the pyroxene-bearing peridotites are wehrlite, harzburgite, 
and Iherzolite. Wehrlite is essentially an olivine-diallage rock with 
a ratio of about 3 to 1. Enstatite, hornblende, picotite, and chro¬ 
mite are its usual minor accessories. Harzburgite consists almost 
wholly of olivine and orthopyroxene (enstatite, bronzite, or hyper- 
sthene). Common accessories are chromite, iron ore, diopside, and 
diallage, and some varieties carry a little plagioclase. Interesting 
examples from the Great Dike of Rhodesia show all stages in re¬ 
placement of olivine by bronzite, lines of euhedral chromite grains 
following the boundaries of some of the original crystals. Lherzo- 
lite is intermediate between wehrlite and harzburgite; it contains 
diallage and orthopyroxene in approximately equal amounts (Fig. 
23B). All of the foregoing peridotites may contain much serpentine, 
talc, fibrous amphibole, and carbonates of deuteric or metamorphic 
origin. 

Hornblende peridotites, one variety of which is illustrated in 
Figure*3A, are characterized by large poikilitic grains of hornblende. 
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usually of a patchy color ranging from pale green to pale brown, 
that enclose ortho- or clino-pyroxenes or both, and by rounded 
granules of serpentinized olivine. Pale phlogopite. occasionally with 
bright-green chro.mferous rims, is a common accessory constituent- 
other minor minerals are magnetite, pyrrhotite. green spinel, apa¬ 
tite, and calcic plagioclase. In the hornblende peridotite layer of the 
well-known teschenite sill of I.ugar. Scotland, the poikilitic am- 
pin bole is a reddish-brown barkevikite. enclosing olivine and litanau- 
gitc There is little doubt that the amphibole in all these peridotites 
was formed by deuteric alteration of pyroxene and olivine, and prob¬ 
ably many of the hornblendites, which contain little but amphibole 
were formed in the same way. 

Mica peridatiles (kimberlites). According to Sliand, most of the 
so-called blue ground” in the diamond pipes of Kimberley. South 



Figure 23. Melilitc Peridotite, Uierrolite, and Pyroxenitc 

A. Melilitc peridotite. Elliot, County. Kentucky. Diatn. 3 nun. Partly serpen- 
un red phcnocrysts of olivine, flakes of pale-brown phlogopite, plates of 
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B Lherzoluc. Haute Garonne. France. Diam. 3 mm. Diallagc (at bottom) 
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Africa, is a breccia crowded with xenoliths in a groundmass of ser¬ 
pentine, carbonates, olivine, pyroxene, garnet, ilmenite, perovskite, 
biotite, and chromite. The smaller grains of olivine, perovskite, and 
chromite tend to be euhedral and probably crystallized in place; 
but the larger grains of olivine, garnet, and pyroxene are rounded 
and corroded and are probably fragments of inclusions of pyroxe- 
nite. The primary constituents of kimberlite appear to be olivine, 
serpentine, biotite, ilmenite, and perovskite, and the abundant car¬ 
bonates seem to have been formed by replacement of vanished meli- 
lites. Hence Shand concludes that kimberlite is an altered olivine 
melilitite or alnoite. 

Somewhat similar mica peridotites, highly serpentinized and car- 
bonatized, and rich in xenoliths of shale, limestone, and coal, occur 
as dikes in the Appalachian region. Some of these contain large flakes 
of phlogopite that enclose most of the other constituents, and they 
carry crystals of pyrope garnet with kelyphitic rims. All of them 
tend to be rich in melilite and perovskite (Fig. 23A). A few bodies 
of mica peridotitc, including those in the Highwood Mountains of 
Montana, contain, in addition to large poikilitic flakes of phlogo¬ 
pite, both chrysolite and the lime-rich olivine monticellite. 

Pyroxenites. These are coarse, allotriomorphic-granular rocks con¬ 
sisting mainly of pyroxene. They are not abundant. Some of them 
form discrete intrusions; others are border facies of basic and inter¬ 
mediate plutons, especially near limestone contacts; and still others 
are layers in stratified sills and lopoliths. Some form branching veins 
and narrow dikes cutting dunite and peridotite. 

Clinopyroxenites are much less abundant than orthopyroxenites. 
The "Pusey iron ore" of Glamorgan, Ontario, is essentially an augite- 
titanomagnetite rock in which the pyroxene is enclosed by reaction 
zones of brown hornblende which are surrounded in turn by iron 
ore. Diopsidites, composed almost solely of diopside, with accessory 
hornblende and biotite, are developed locally where more siliceous 
plutonic bodies invade limestone. Other diopsidites, composed of 
chrome-diopside with very small amounts of garnet, spinel, and iron 
ore, are associated with bodies of lherzolite, as in the Pyrenees. Dial- 
lagites, with accessory hypersthene, plagioclase, titanomagnetite, and 
apatite, are normally associated with and grade into gabbros. 

Among orthopyroxenites, bronzitite is probably the most common. 

In the Bushveld lopolith and the Great Dike of Rhodesia, Africa, 
and in the Stillwater complex of Montana, it is intimately associated 
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with other pyroxenites and with norites and anorthosites. Some of 
these bronzitites are without phenocrysts; others contain large plates 
of bronzite that enclose most of the other constituents poikilitically. 
The usual order of abundance is as follows: bronzite, hypersthene, 
enstatite, diallage, diopsidic augite, bytownite-anorthite, chromite, 
and picotite. Olivine, biotite, hornblende, graphite, magnetite, and 
iron sulphides may be present in subordinate amounts. In some 
Bushveld bronzitites chromite and picotite form bands up to a few 
feet thick of almost pure chromitite; the chromite occurs both as 
swarms of granules inside the bronzite crystals and as interstitial ma¬ 
terial. Some of the Bushveld bronzitites likewise grade into bands 
of magnetitite. 

Many pyroxenites are composed of roughly equal amounts of 
ortho- and clino-pyroxene; in places the former encloses the latter as 
lamellae, and elsewhere the two minerals interlock in irregular 
mosaics. Such rocks are termed websterites. 

Biotite pyroxenites are found in several plutonic complexes—for 
example, at Newry, Ireland, and in the Libby district of Montana. 
They also occur among the blocks ejected from a few volcanoes— 
for example, at Vesuvius and in Uganda. In the Newry rocks, biotite 
makes up about half the volume; the other constituents, in order of 
abundance, are augite, hornblende, actinolite, iron ores, and apa¬ 
tite. In the Vesuvian blocks, phenocrysts of biotite, up to an inch 
across, lie in a medium-grained matrix composed mostly of diop¬ 
sidic augite and biotite, with interstitial glass carrying microlites of 
aegirine-augite. 

Hornblende pyroxenites arc much less common. An example from 
die Monteregian Hills of Quebec has about 60 percent titanaugite 
and 30 percent hornblende, the main accessories being ilmenite, 
Pyrite, spinel, apatite, and anorthite. 

Melanite pyroxenite, which is found at Loch Assynt, Scotland, and 
near the Ice River in British Columbia, is made up principally of 
sodic pyroxenes, zoned and euhedral melanite, and green biotite, 
with minor amounts of sphene, apatite, and iron ore. 

Feldspathoidal ultramaftes. Almost all of these rocks appear to 

ve been produced by desilication of basic magma in contact with 
imestone or dolomite, and most of them are members of the ijolite 
scries already mentioned (p. 70). The melilite pyroxenite, known 
as uncornpahgrite, which occurs in Colorado, is an interesting variety 
° Nar ' a,) *e texture. In the coarsest-grained rock, melilite crystals, as 
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much as a foot across, enclose all other constituents. In finer-grained 
rocks the melilite forms anhedral interlocking grains between the 
other minerals. An average sample has the following mode: melilite, 
68; diopside-hedenbergite, 15; magnetite, 10; perovskite, 3; pale- 
green phlogopite, 2: apatite, calcite, cancrinite, anatase, and mela- 
nite, 2. Other melilite-rich ultramafites are turjaite and okaite. Tur- 
jaite is essentially a titaniferous nepheline-biotite-melilite rock with 
accessory iron ores, perovskite, apatite, melanite, and calcite; okaite 
contains even more melilite and has hauyne instead of nepheline. 

Ultra mafic members of the ijolite series are rrelteigite, with color 
indices between 70 and 95, and jacupirangite, a still darker rock. 
A typical melteigite from the Alno complex of Sweden has approxi¬ 
mately 70 percent aegirine-augite and about 20 percent nepheline, 
the accessories including titanomagnetite, sphene, calcite, and pyrite. 
A few varieties also carry melanite garnet, even up to 40 percent by 
volume. The type jacupirangites, which come from the State of Sao 
Paulo, Brazil, usually have as their main constituent a clinopyroxene, 
either titaniferous augite, aegirine-augite, or diopsidic augite. Next 
in abundance are titanomagnetite and ilmenite. Biotite and mela¬ 
nite garnet are normally minor constituents, but locally they may 
make up almost half the volume. Nepheline, apatite, perovskite, 
barkcvikitic hornblende, and olivine are distributed sporadically in 
variable amounts. By diminution in content of pyroxene some of 
these jacupirangites grade into almost pure titanomagnetite rocks; 
by increase in nepheline they pass into mclteigites. 

A few feldspathoidal ultramafites contain abundant leucite. Mis- 
sourite is the most familiar example. It comes from the core of a 
denuded volcano in the Highwood Mountains of Montana. The 
silica percentage approximates 46, and the color index is about 76; 
so it lies close to the boundary between the Gabbro and Ultramafic 
Clans. It is a coarse-grained, allotriomorphic-granular equivalent of 
olivine leucitite. Phenocrysts of soda- and titania-bearing diopsidic 
augite make up half the volume; other phenocrysts are olivine and 
biotite. These lie in a matrix of fresh leucite grains, zeolites, iron 
ore, and apatite. 

Serpentinites. Huge sills of serpentinite are found in many oto¬ 
genic belts, where they intrude geosynclinal sediments and are asso¬ 
ciated with flows and sills of spilite. These serpentinites appear to 
be hydrothermally altered intrusive dunites and peridotites. The 
origin of the solutions responsible for alteration is debatable, but 
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an extraneous source seems likely in most cases. Other serpentinitcs, 
formed by deuteric alteration or regional metamorphism, occur 
more locally—especially near the margins—in basic and ultrabasic 
intrusions of varied compositions. 

As their name denotes, these rocks consist almost wholly of min¬ 
erals of the serpentine gToup, all of which arc to be ascribed to late- 
or post-magmatic hydrothermal alteration of pre-existing mafic min¬ 
erals, chiefly olivine and pyroxene, at temperatures below about 
f>00° C. Experimental work shows that at low pressures forsterite is 
stable in the presence of pure water vapor above 400° C.; below that 
temperature it changes to a mixture of serpentine and bruc ite. When 
enstatite is also present, the temperature of hydrothermal alteration 
is higher, so that in the presence of pure water vapor a cooling peri- 
dotite consisting of olivine and enstatite becomes hydrothcrmally 
altered at distinctly higher temperatures—giving first olivine plus 
talc (at about 650° C.) and later serpentine (at about 500° C.). A 
stream of water vapor charged with silica or carbon dioxide, by 
removing magnesia from or introducing silica into the rock, can 
convert olivine to the following alternative mineral assemblages, 
depending on temperature: enstatite (above 800° C.), enstatite and 
talc (625-800° C.), talc (500-625° C.). serpentine (below 500° C.). 
The temperatures cited refer to pressures at depths of less than a 
mile below the earth's surface; with increasing pressure the reaction 
temperatures are somewhat increased. Iron-rich olivines arc stable 
in the presence of water at much lower temperatures than is forster¬ 
ite. Serpentinization of hortonolitc rocks is therefore rare. 


Most serpentinites consist of flaky antigoritc developed under 
stress conditions; some are composed wholly or in part of fibrous 
chrysotile serpentine, formed under static conditions. In many speci¬ 
mens the serpentine forms pseudomorphs after the original mafic 
minerals or is arranged in a manner diagnostic thereof. For exam- 
pie. serpentine developed from olivine frequently has a mesh struc¬ 
ture. that formed from orthopyroxene has a * , bastite" structure (Fig. 
24C). and that produced from clinopyroxene or hornblende often 
has a lattice structure, the charac teristic cleavage of the parent min¬ 
erals being reflected by proper orientation of the serpentine flakes 
or fibers or by dusty streaks of iron ore. Generally, however, the 
flakes and blades of antigorite serpentine are arranged haphazard, 
in sheaf-like bundles or in roughly parallel groups (Fig. 24B). Other 
serpentinites are composed of almost structureless mammillary masses 



8 4 


IGNEOUS ROCKS 



A B C 


Figure 24. Serpcntinites 

A. Bronzilc serpentine, Kuhschnapper, Saxony. Diam. 2.5 mm. Bastitc pseudo- 
morphs after bronzite, in a matrix of antigorite showing mesh structure 
derived from olivine. Granules of secondary iron ore outline the boundaries 
of the original olivine crystals. The parent rock was peridotite. 

B. Flaky antigorite serpentinite. Sequoia Point, Oakland, California. Accessory 
pyrite. Diam. 3 mm. 

C. Bastitc serpentine derived from pyroxenitc, near Forest Hill, Sierra Nevada, 
California. Diam. 3 mm. Chiefly antigorite, partially replaced by carbonates. 
The accompanying ore is magnetite. 

of serpophite. The green color of the serpentine in all these rocks 
is determined principally by the iron content of the original mafic 
minerals, becoming deeper as that increases. 

Talc is a common associate of serpentine; indeed many serpen- 
tinites grade into pure steatite rocks. The talc is usually formed by 
introduction of silica from adjacent plutonic bodies; less often it 
results from autometamorphism by residual solutions. Addition of 
alumina from extraneous sources may develop patches and veins of 
chlorite. A more complex product of the alteration of serpentinite 
is “silica-carbonate rock" chiefly composed of opal, chalcedony, hmo- 
nite, and carbonates, found along many fault zones in the Coast 
Ranges of California. 


The Lamprophyres 

Lamprophyres are dark dike rocks, though only a few are ultramafic. 
They have a pronounced porphyritic and panidiomorphic texture. 
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All of them carry euhedral mafic minerals, commonly of two gen¬ 
erations; many lack feldspar, and in the others it is almost invariably 
restricted to the groundmass. Some lamprophyres are genetically 
related to the plutonic rocks they intrude; others are just as clearly 
related to volcanic rocks, for they form radial and parallel dike 
swarms around denuded volcanoes and fill fissures that fed surface 
flows. Certainly no variety of lamprophyre is confined to any par¬ 
ticular plutonic or volcanic environment, although, as we shall see, 
some of them are related most often to particular kinds of plutonic 
rock. Lamprophyres were once regarded as "diaschistic dikes"—that 
is, as basic complements of the acid apliies and pegmatites; but there 
is little justification for this view, which obviously cannot apply to 
lamprophyres found in volcanic environments. 

The magmas from which most lamprophyres evolved were rich 
in carbon dioxide, sulphur, phosphorus, and water vapor; hence 
the rocks tend to contain abundant carbonates, sulphides, apatite, 
and hydrous minerals such as serpentine, chlorite, and zeolites. Many 
lamprophyres are unusually rich in barium or strontium or both. 
All carry much iron, lime, magnesia, anti alkalies, and almost all are 
either basic or ultrabasic. In many respects they seem to be "ab¬ 
normal" rocks. For instance, the altered character of many of the 
phenocrysts, in contrast to the freshness of the groundmass. suggests 
that some are of hybrid origin, the phenocrysts having been intro¬ 
duced into more siliceous and more alkaline magma from outside 
sources. Some highly potassic lamprophyres, moreover, such as mi- 
nettes and kersantites. carry abundant xcnocrysts of quartz; the sug¬ 
gest ion has therefore been made that these rocks developed through 
partial assimilation of granitic materials by basic magma. Many 
tnelilite-bearing lamprophyres, such as alnoites. are intimately asso¬ 
ciated with almost pure carbonate rocks ( carbonaliles ), which ap- 
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pear to have been formed by reaction of basic magma with walls of 
limestone and dolomite. 

As an aid to memory, the table on page 85 may be of value. 
Minette 

This, the commonest of the mica lamprophyres, is composed prin¬ 
cipally of porphyritic biotites and subordinate euhedral and sub- 
hedral prisms of colorless or pale-green diopside in a granular or 
poikilitic groundmass that consists mainly of orthoclase or sanidine 
but is generally rich in apatite, sphene, and iron ores and usually 
contains much calcite. The flakes of biotite are often characterized 
by 'battlemented” ends (Fig. 25C), and not infrequently they have 
dark-reddish-brown rims rich in iron and titania enclosing pale- 
yellow cores rich in magnesia. Close to the edges of many flakes 
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Figure 25. Lamprophyres 

A. Biotite-augitc vogesite. Walsen dike. Spanish Peaks, Colorado. Diam. 1 mm. 
Diopsidic augite, reddish-brown biotite, and accessory iron ore, apatite, and 
sphene, in a matrix of large anhedral plates of sanidine partly altered to 
zeolites. The proportion of biotite is larger in this section than in most 
vogesites. 

B. Kersantitc, Brest, Brittany. Diam. 1.5 mm. Flakes of chloritized biotite con¬ 
taining secondary titanite and ilmenite; kaolinized laths of andesine; inter¬ 
stitial quartz and calcite; accessory prisms of apatite. 

C. Minette, Trujillo Canyon, Spanish Peaks, Colorado. Diam. 2 mm. Biotite 
with ‘battlemented” ends, dark iron-rich rims, and pale magnesian cores; 
prisms of diopsidic augite; granular ore and sphene; and needles of apatite. 
Groundmass composed of subhcdral and anhedral plates of poikilitic sani¬ 
dine, partly kaolinized, with a little interstitial analcite. 


THE ULTRAMAFIC CLAN AND THE LAMPROPHYRES 87 

there may be sagenite webs of rutile, and secondary sphene is com¬ 
mon in biotites that have been chloritized. Although diopside or 
diopsidic augite is the usual pyroxene, its place may be taken by 
pale-lilac titanaugite, and each of these may be partly or wholly 
replaced by mixtures of chlorite, calcite, and epidote. The chief 
felsic constituent is invariably potash feldspar, sometimes rimmed 
with albite or oligoclase or accompanied by discrete crystals of those 
feldspars. A little interstitial quartz is present in most minettes, and, 
in addition, almost all contain ovoid xenocrysts of quartz surrounded 
by reaction rims of slender diopside. Olivine is rarely present, al¬ 
though, as noted on page 64, some minettes grade into olivine leu- 
citites as their biotite and orthoclase give place to olivine and leu- 
cite. 

Minettes found in volcanic environments generally form plugs, or 
dike feeders to flows of trachybasalt; those associated with plutons 
generally cut granites, granodiorites, or syenites, or the surrounding 
country rocks. 

Vogesites 

In these, as in minettes, orthoclase or sanidine is by far the dom¬ 
inant feldspar, forming stumpy laths or anhedral grains in the 
groundmass (Fig. 25A). But plagioclasc is generally more abundant 
than in minettes and more calcic; it may be as calcic as Ab,An, and 
make up as much as a quarter of the volume. In most vogesites the 
principal mafic mineral is cuhedral green or brown hornblende; in 
others diopsidic augite predominates. Olivine and biotite are occa¬ 
sionally present, and along with the usual accessories—apatite, iron 
ore, and sphene—there is almost invariably much secondary mate¬ 
rial, including calcite, epidote, zoisite, uralite, chlorite, serpentine, 
talc, sericite, and kaolin. 

An interesting variety of vogesite forms the quickly chilled top 
and bottom of the famous Shonkin Sag laccolith of Montana. In 
this rock, phenocrysts of pseudoleucite. augite, biotite, and olivine 
are embedded in a groundmass composed of a second generation of 
the same minerals together with interstitial sanidine and zeolites. 

Soda Minette and Soda Vogesite 

I hese are rare rocks, seldom found except in association with 
ncphelme syenites and rhomb porphyries. They differ from the 
toregomg lamprophyres in containing sodic pyroxenes or amphiboles 
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or both. Their plagioclase is chiefly oligoclase and albite, and the 
orthoclase and sanidine tend to be soda-rich. In addition, they usu¬ 
ally carry more apatite and sphene than normal minettes and voge- 
sites. 

Kersantite 

A thin section of the type rock from Brittany is shown in Figure 
25B. The following is its mode: plagioclase (An 30 ), 53; chloritized 
biotite, 24; chloritized augite, 8; quartz, 9; deuteric calcite, 4; apa¬ 
tite and iron ore, 2. Some of the plagioclase forms phenocrysts, but 
most of it forms subhedral laths or anhedral grains in the ground- 
mass. The dominant variety is usually andesine, but it may be oligo¬ 
clase, and almost invariably these are normally zoned and more or 
less altered to kaolin, sericite, and carbonates. If orthoclase or sani¬ 
dine is present, it is in subordinate amounts and fills interspaces. 
Quartz also occurs interstitially, either as discrete patches or in mi¬ 
crographic intergrowth with potash feldspar. The characteristic mafic 
mineral is somewhat titaniferous biotite. Diopsidic augite and ti- 
taniferous augite follow in order of abundance, then hornblende. 
Olivine is exceptional. These rocks are sometimes spoken of as 
“diorite lamprophyres,” but although most of them are to be found 
intruding diorites, many cut other kinds of plutonic rock and some 
occur in volcanic environments. 

Spessartites 

These (Fig. 27C) are hornblende- or augite-rich lamprophyres 
with plagioclase as their principal feldspar. They resemble micro- 
diorites except in texture. From a quarter to a half of a typical 
specimen consists of slender prismatic phenocrysts and microlithic 
needles of green or brown hornblende. Diopsidic augite or diallage 
is almost invariably present and is occasionally more abundant than 
hornblende. Olivine and biotite are common though minor con¬ 
stituents, along with iron ore and apatite. The characteristic pla¬ 
gioclase is andesine, sometimes rimmed with more sodic feldspar. 
A little orthoclase and quartz may occur interstitially. 

Odinite is a variety of spessartite with phenocrysts of labradorite, 
augite, and hornblende, in a felted groundmass of acicular horn¬ 
blende and andesine with or without a little quartz. Another rock 
frequently classed among the hornblende lamprophyres is malchite. 
Most malchites, however, tail to show two generations of mafic mm- 
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erals, and many have color indices below 40. Besides, most of them 
have an aplitic rather than a panidiomorphic-gTanular texture. 
Malchites having these characteristics ought to be excluded from 
the lamprophyres and called microdiorites or microgabbros. As the 
other rocks that have been described as malchites do not differ 
materially from spessartites, we advocate disuse of the name. 


This is a lamprophyre that contains andesinc or labradorite, and 
is marked by the presence of alkali-iron amphibole. There is, how¬ 
ever, considerable variation among the rocks at the type locality, 
Campton, in New Hampshire. In some specimens barkevikitic horn¬ 
blende occurs both as large, stout phenocrysts and as needles in the 
matrix, olivine and titanaugite being rare or absent. In other speci¬ 
mens the last two minerals and labradorite form the phenocrysts, 
while the groundmass is composed mainly of titanaugite, barkevik- 
ite, labradorite, and a little potash feldspar plus the usual apatite 
and titaniferous iron ores. Still other specimens contain scattered 
phenocrysts of biotite. But in all varieties there is usually much deu- 
teric calcite and zeolites, either filling amygdules or in irregular 
patches. Genetically, most camptonites are related to nepheline sye¬ 
nites and alkali gabbros. 


Alnoites 

I hesc feldspar-free, melilite-bcaring lamprophyres arc among the 
most basic of all igneous rocks, some of them containing less than 
25 percent silica. I hey are found in intimate association with both 
plutonic and volcanic rocks. Some are dike feeders to flows of olivine 
melilitite and limburgite; most are hypabyssal intrusions related to 
nepheline syenites and members of the ijolite series. 

A common variety at the type locality, Alno, Sweden (Fig. 26A). 
has a groundmass of lepidomelane, melilite, and carbonates, with 
accessory perovskite, chromite, pyropc, melanite, and pyrrhotite. Scat¬ 
tered throughout this matrix are large phenocrysts of lepidomelane, 
olten with reddish titaniferous rims, and smaller phenocrysts of mag¬ 
nesian olivine, augite, titanomagnetite, and apatite. Some varieties 
also include a little barkevikitic hornblende. 

Other alnoites. such as those of Isle Cadicux, Quebec, arc distin¬ 
guished by the presence of the lime olivine monticcllitc. Supposedly, 
these rocks were intruded as almost solid masses of chrysolite olivine 
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Figure 26. Lamprophyres 

A. Alnoiie, Alnb Island. Sweden. Diain. 2 mm. Phenocrysts of phlogopite, 
mcliliic. diopsidic augite (bottom ol section), and serpentinized olivine 
(upper left), in a dense groundmass of chromite, perovskite, sphene, and a 
little calcitc. Not shown, but common in alnoitcs. arc microphenocrysts of 
apatite. 

B. Lcucite monchiquitc, Bohemia. Diam. 2 mm. Phenocrysts of purple titan- 
augite; microphenocrysts of titanomagnetite and lcucite. Groundmass com¬ 
posed of slender prisms of titanaugite, ragged flakes of biotite, thin plates of 
ilmcnitc, and interstitial analcite. 

C. Camptonite, Campion Falls. New Hampshire. Diam. 2 mm. Phenocrysts and 
small needles of dark-brown barkevikitc, and euhedral granules of iron ore, 
in a matrix of sub radiating slender laths of andcsinc, rich in acicular apatite. 
Amygdiilc filled with calcite and analcite. In other specimens from this 
locality there are phenocrysts of titanaugite and serpentinized olivine. 


and augite; residual solutions then reacted with these minerals to 
yield monticellite, melilite, biotite. inarialitc, perovskite, and titano- 
inagnetitc. In some specimens the monticellite itself is partly or 
wholly replaced by biotite. The final product of this process was a 
melilitc-biotite rock forming streaks as much as two feet across. 

By increase in content of olivine and disappearance of pyroxene, 
alnoitcs grade into kimberlites (mica peridotites); by increase of 
calcite or dolomite they pass into carbonatiles, in which the acces¬ 
sory constituents are biotite, olivine, melanite, melilite, apatite, and 
pyrite. 

Finally, it should be noted that a few alnoites carry a little inter¬ 
stitial nephelinc or hauyne. 
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Ouachitite 

This is another feldspar-free mica lamprophyre, but, unlike al- 
noite, it is devoid of olivine. The type rock from Arkansas has the 
following mode: reddish-brown phenocrysts of titaniferous biotite, 
40; phenocrysts of titanaugite, 25; calcite, 10; ore and apatite, 5; 
the remainder, a matrix of alkali-rich brown glass with a wide 
variety of minor accessory constituents, including analcite, nephe- 
line, members of the sodalite group, pyrite, titanomagnetite, sphene. 
apatite, and barkevikitic hornblende. Other ouachitites, like those 
of Alno, Sweden, and the Kola Peninsula, U.S.S.R., are composed 
chiefly of biotite and mclanite garnet. 



figure 27 . Lamprophyres 


A. 


Fourchitc. near Wesscln. Bohemia. Diam. 2 
and titanomagnetite, in a ground mass chiefly 
specks of ore, interstitial analcite. calcite. and 
crysts ol labradorite. 


mm. Phenocrysts of titanaugite 
composed of barkevikite needles, 
a little glass. A few micropheno- 


d T 'i P1 " ,Sh PCakS> C ° l0rad0 Uiam 2 mm ' Oleine, titanaugite. and 
nnlt, ,n a mal,ix <om I*’ scd mainly of colorless glass an.l 

san dinV '" ' g,a " UlcS ° f iron orc and a minute laths ol 


c - V*sani,e. Asthallenburg. Havana. Diam. 2 mm. Euhedral and subbed,al 

i smailir " 1 ' ; "" k '; n ' "''K° <la « : -bundan, prisms of green hornblende and 
a mailer amount „l btome. A little quart/ and orthoelase occupy irregular 
interspaces, and needles of apatite arc dispersed throughout. ** 
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Monchiquite 

This name was first applied to a lamprophyre found in the Serra 
de Monchique in Portugal, where typical specimens have the fol¬ 
lowing mode: phenocrysts of titanaugite with fewer of biotite and 
barkevikite, 24; serpentinized olivine phenocrysts, 5; titanomagne- 
tite phenocrysts, 4; the remainder a glassy matrix (potentially a 
mixture of labradorite and nepheline) rich in microlites of pyroxene, 
barkevikite, iron ore, picotite, and apatite, and in deuteric calcite, 
aragonite, and zeolites. In some varieties analcite takes up most or 
all of the place normally occupied by interstitial glass; in other 
varieties there may be accessory melilite, nepheline, hauyne, or 
leucite. Two examples are illustrated in Figures 26B and 27B. 

Monchiquites devoid of olivine and correspondingly richer in 
porphyritic titanaugite are termed fourchites (Fig. 27A). 
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The Diorite, M onzonite, and 
Syenite Clans 


The rocks discussed in this chapter are generally classed as inter 
mediate because their silica percentages lie between 52 and 66. 
Their color indices are almost invariably less than 40. Some contain 
abundant quartz, many are quartz-free, and some are undersatu- 
rated, carrying feldspathoids instead of quartz. Various clans are 
distinguished by the presence or absence of feldspathoids and by the 
ratio of alkali feldspar to total feldspar. A common grouping on 
this basis is as follows: 
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syenite 



and their micro-varieties 



Fine-grained Rocks 

Andesites 

Most andesites are porpliyritic rocks with a pilotaxitic or hyalo- 
ptluic groundmass, though some are vitrophyric. Intergranular, in- 
tersertal, and ophitic textures are exceptional save in varieties tran¬ 
sitional to basalts. According to the dominant mafic constituent, they 
are separable into olivine, hypersthene. augite. hornblende, and 
biotite andesites, the first three of which are by far the most abun- 
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dant. They may also be divided according to the dominant plagio¬ 
clase into oligoclase, andesine, and labradorite andesites. 

Now the average composition of the plagioclase in andesites is 
about An 40 , while that in basalts is about An ss , but the porphyritic 
plagioclase in most andesites is labradorite more calcic than An 55 . 
The groundmass plagioclase, however, is usually much more sodic in 
andesites than in basalts. Moreover, the interstitial glass or crypto¬ 
crystalline matrix of many andesites has the composition of a mix¬ 
ture of quartz and alkali feldspar. 

Olivine-bearing andesites. These are widespread on oceanic vol¬ 
canoes, like those of the Hawaiian Islands, and in orogenic belts 
of the continents. Indeed they probably predominate among the 
Tertiary and Quaternary lavas of the circum-Pacific belt. Many of 
them lie so close to the boundary between andesite and basalt that 
only chemical analyses serve adequately to classify them; in default 
of analyses, these borderline lavas are sometimes spoken of as "basal¬ 
tic andesites." Olivine and labradorite may be their principal min¬ 
erals, yet their silica content and the presence of normative quartz 
relate them to the andesite family. 

A typical olivine-bearing andesine andesite from the Hawaiian 
Islands contains up to 5 percent phcnocrystic olivine, up to three 
times as much phcnocrystic plagioclase, normally zoned from cores 
of An g0 to rims of An$o. and a little phenocrystic augite. These 
are set in a groundmass made up chiefly of andesine laths and gran* 
ular augite, accompanied by olivine, abundant iron ore, a little bio- 
tite and apatite, and, occasionally, riebeckitic amphibole. The oli¬ 
vine-bearing oligoclase andesites of Hawaii carry less olivine and 
porphyritic plagioclase, and, except for lack of potash feldspar, do 
not differ much from mugearites (p. 43). 

An olivine-bearing basaltic andesite representative of those com¬ 
mon in the circum-Pacific volcanic belt is one recently erupted 
from Parfcutin volcano, Mexico, illustrated in Figure 9A. This con¬ 
sists of olivine (5%), hypersthene (4%), augite (1%). and micro- 
lites of labradorite (50%), in a matrix of dark, iron-rich glass with 
a refractive index of about 1.54. In less glassy Parfcutin lavas the 
content of olivine and augite remains the same, but microlithic hy¬ 
persthene and labradorite are much more abundant. 

Pyroxene andesites. These are especially common on large com¬ 
posite volcanoes in orogenic belts. Almost all of them carry abundant 
phenocrysts of zoned plagioclase. the cores of which may be as calcic 
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as anorthitc while the rims may be composed of oligoclase. Their 
average composition is that of labradorite. Zoning, though generally 
ot the normal or normal-oscillatory type, may be reverse. The micro- 
lithic plagioclase is generally andesine or oligoclase. Orthoclase, sam- 
dine, or anorthoclase may form thin shells around the plagioclase 
phenocrysts or may be intergrown with quartz in the micro- to 
crypto-crystalline matrix, but any lava in which the total content of 
these potassic feldspars exceeds 10 percent should be classed as 
trachyandesite. 


Most of the hypersthene in these pyroxene andesites occurs as 
phenocrysts, and although it never exhibits the line lamellar inclu¬ 
sions of clinopyroxene prevalent among the hypersthenes of more 
slowly cooled intrusive rocks, its vertical laces are often enclosed by 
jackets of augitc. I nstatite is rarely present. The dominant clinopy- 
roxene is diopsidic augite with optic angles of more than 40°. Pi- 
geonite rarely occurs as phenocrysts, and then only in rapidly cooled 
andesites, but it is common as a groundmass constituent along with 
augite. Occasionally these pyroxenes, like the plagioclases. show re¬ 
verse zoning. Rims of hypersthene and augite may be more mag¬ 
nesian than the cores, and rims of pigeonite may be more calcic 
than the interior parts. Such abnormal crystals may originate by 
mingling of andesitic and less siliceous magmas, by partial assimila¬ 
tion of less siliceous wall rocks, and probably also as a result of 
temperature changes. Aegirine-augite and aegirite of deuteric origin 
are to be seen in a very few andesites, generally in association with 
sodic plagioclase. zeolites, or anorthoclase. The usual iron ore is 
magnetite; titanomagnetite is not uncommon, but ilmenite is rare 
Hornblende, biotite, apatite, garnet, and cordierite are sporadic 
accessories, while tridymite and crisiobalite, as linings and fillings of 
pores, are almost always present in small amount. If glass is present 
it is colorless or pale buff, with a refractive index close to 1 54 

shmt°flo and , bi f‘i' e a,,deSUe> - T ' ,eSe * enera "y <°m, thick. 
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Figure 28. Andesites 

A. Pyroxene andesite. Crater Lake, Oregon. Diam. 3 mm. Phcnocrysts of zoned 
labradorite-andesine, with inclusions of glass and of hypersthene and augite, 
in a pilotaxitic base composed of oligoclase microlitcs, specks of ore and 
pyroxene, and interstitial cryptofelsitc. 

B. Hornblende andesite. Black Butte, Mount Shasta, California. Diam. 3 mm. 
Phenocrysts of oxyhornblcndc. pleochroic from gold to russet, fringed with 
granular magnetite; also phenocrysts of zoned labradoritc. Pilotaxitic ground- 
mass of microlithic andcsinc and interstitial microfelsite, stippled with magne¬ 
tite and fumarolic hematite. 

C. Hornblende andesite, Stenzclbcrg, Siebengebirge, Germany. Diam. 3 mm. 
The hornblende phenocrysts arc completely replaced by granular ore and 
augite. These, together with phenocrysts of diopsidic augite and calcic andc- 
sine, lie in a cryptofelsitic matrix. 

Fresh pyroxenes almost always accompany the hornblende and bio- 
tite, and occasionally a little olivine is to be seen. The plagioclase 
of these rocks tends to be somewhat more sodic than that of the 
olivine andesites and pyroxene andesites, and potash feldspar tends 
to be more abundant. 

Propylites. Andesites of all kinds are particularly susceptible to 
the kind of alteration known as propylitization. In most instances 
this alteration is to be ascribed to hydrous, deuteric solutions rich 
in carbon dioxide, but in others it appears to result from introduc¬ 
tion of similar solutions from extraneous sources into andesites that 
were already solid. Many propylitized rocks arc found close to ore 
bodies, but it is not certain that this relationship is genetic. 
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The characteristic features of propylites in early stages of altera¬ 
tion are as follows: a drab-green color in hand specimens; replace¬ 
ment of hornblende and biotite by chlorite, calcite, sphene, and 
iron ore; and development of bastite serpentine, chlorite, and cal¬ 
cite from pyroxenes. Further alteration may result in albitization of 
the original plagioclase, sometimes with concomitant crystallization 
of epidote. Pyrite may or may not be present: in some rocks it has 
been destroyed by weathering. A few propylites contain much quartz, 
with or without actmolite. During these changes the original pilo- 
taxmc and hyalopihtic groundmass may be replaced by micro- 
gramtic intergrowths. In other altered andesites, deuteric piedmon- 
me may be tound as veinlets and amygdule-fillings, the requisite 
manganese coming from the original mafic constituents. 


Trachyandesites (Latites) 

Roughly speaking, these are the fine-grained equivalents of mon- 
zonites, though it is customary to include among them rocks with 
a lower rat.o of alkali feldspar to total feldspar than that character¬ 
istic of monzonites. Here we extend the term "trachyandesite" to 
embrace all andesites with more than 10 percent modal or norma¬ 
tive potash feldspar. Unfortunately, many trachyandesites are rec¬ 
ognizable only by means of chemical analyses, for their potash is 
often contained in micro- and crypto-felsitic interstitial material or 
■n a g assy groundmass that might have crystallized as quartz and 
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Trachytes and Related Rocks 

These are the fine-grained volcanic and hypabyssal equivalents of 
syenites. They have a wide range in composition, from oversatu¬ 
rated quartz trachytes to undersaturated feldspathoidal varieties. 
The former grade into rhyolites and the latter into phonolites as the 
content of quartz on the one hand or of feldspathoids on the other 
increases beyond 10 percent. In potash trachytes, orthoclase or sani- 
dine is the dominant feldspar; in soda trachytes, albite or anortho- 
clase is predominant or at least abundant, and most of the mafic 
minerals are soda-rich. Virtually all trachytes are porphyritic, with 
phenocrysts of feldspar and fewer mafic phenocrysts in a matrix com¬ 
posed principally of sub-parallel feldspar microlites. 

Olivine-bearing trachytes. These rocks are not common, and most 
of them are closely associated with trachyandesites and trachybasalts. 
In an example from Central Italy (< ciminite ), porphyritic olivine 
and labradorite each make up about 10 percent of the volume, while 
sanidine microlites compose half the rock and granular diopside 
about a quarter. Another Italian example, from the island of Ischia 
(arsoite), has phenocrysts of soda sanidine, andesine, and diopside, 
and a few of olivine, in a matrix of sanidine, oligoclase, diopside, 
biotitc, and iron ore accompanied by a little sodalite and leucite. 
In other basic trachytes (e.g., the kaiwekite of New Zealand) # the 
porphyritic olivine is accompanied by phenocrysts of anorthoclase, 
titanaugite, and barkevikite in a groundmass of oligoclase micro¬ 
lites, augite, and iron ore; or porphyritic olivine is attended by 
phenocrysts of anorthoclase and aegirine-augite in a matrix of soda 
sanidine and oligoclase, as in the macedonites of Victoria, Aus¬ 
tralia. 

In some trachytes the olivine is extremely rich in iron. An exam¬ 
ple from the Kerguelen archipelago is essentially a soda-sanidine- 
fayalite rock; another, from Gough Island, on the mid-Atlantic ridge, * 
contains about 90 percent soda sanidine, the remainder consisting 
of iron-rich olivine, iron-rich biotite, aegirine-augite, iron ore, apa¬ 
tite, and a little sodalite. Finally, some highly sodic trachytes, such 
as are found in Kenya, contain fayalite intimately associated with 
quartz and potash feldspar and with mafic minerals rich in both 
soda and iron. 

Pyroxene trachytes. Those devoid of olivine (Fig. 6A) are much 


• Probably a basall-trachyce hybrid, olivine and (itanaugile being of basaltic origin. 
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more common than tho.se containing olivine. In these, diopsidic 01 
aegirine-augite is the principal or only mafic constituent, and the 
dominant potash feldspar is usually accompanied by quartz and a 
little andesine or oligoclase. In some varieties, such as those of 
Trans-Pecos Texas, there are phenocrysts of anorthoclasc, and aegir¬ 
ine-augite is accompanied in the groundmass by a little arfvedson- 
ite. 

Hornblende and biotite trachytes. These are generally character¬ 
ized by large phenocrysts of soda sanidine or orthoclasc and fewer of 
oligoclase. hornblende, biotite. and diopside in a matrix composed 
chiefly of sanidine or orthoclase laths with a little interstitial quartz 
or tridymite or both (Fig. 29A). 

Soda-rich, peralhaline trachytes. These are characterized by domi¬ 
nance among the mafic minerals of acgiritc. riebeckite, arfvcdsonite, 
or cossyrite (Fig. 29B). Plagioclase is usually absent, the preponder¬ 
ant or only feldspars being soda-rich sanidine or orthoclase and 



Figure 29. Trachytes and Keratophyre 

A. Biotite trachyte, Drachcnfcls. Siebengcbirgc, Germany. Diam. 3 mm. Phene 
crysts of sanidine. andesine oligoclase. and partly resorbed biotite in 
tr at hylic matrix of sanidine microlites with accessory iron ore. apatite, sphern 
and a little interstitial quart/. 

B- Acgirine trachyte. Roseau. Siebengebirge. Germany. Diam. 3 mm. Sul 
parallel phenocrysts and microlites of soda sanidine. divergent needles o 
aegirine, and a little intersertal sodalitc. 

c. Keratophyre, near Orovillc, California. Diam. 3 mm. Phenocrysts and micr. 
. ol alb,lc: anhcdral granules of pale brown hornblende and uraliti/ei 
Jugite; abundant specks of cpidotc, ihnenite. and sphene. 
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anorthoclase. If aegirine-augite is present, it tends to form micro- 
phenocrysts, but other mafic minerals are restricted to the ground- 
mass, where they occur as moss- and fern-like aggregates partly or 
entirely enveloping the feldspars in pseudo-ophitic and pseudo- 
poikilitic fashion. These late-crystallizing minerals almost invariably 
show considerable oxidation to murky, brownish patches of limonite. 
In some peralkaline trachytes there may be a little fayalite, and many 
contain micropoikilitic patches of interstitial quartz. 

Closely allied to these effusive rocks are the solvsbergites, most of 
which form dikes related to alkali syenites. Indeed, they are often 
spoken of as "alkali syenite aplites," though their textures are more 
commonly trachytic, porphyritic, and panidiomorphic-granular than 
aplitic. Typically,, they consist of anorthoclase or soda sanidine or 
both, partly as phenocrysts, with occasional phenocrysts of aegirine- 
augite in a dense matrix containing aegirite and a smaller amount 
of sodic amphibole. In some solvsbergites, soda microcline is present; 
in others, there is interstitial quartz, though when this exceeds 10 
percent by volume, the rocks pass into grorudites. Some varieties, on 
the other hand, carry nepheline, but if this exceeds 10 percent by 
volume, the rocks become tinguaites (see p. 104). 

Feldspathoidal trachytes. These—trachytes with less than 10 per¬ 
cent feldspathoids—are transitional into phonolites. According to 
their principal feldspathoid they are subdivided into leucite-, anal- 
cite-, hauyne-, nosean-, sodalite-, and nepheline-bearing trachytes. 
Occasionally these minerals form phenocrysts; more often they are 
confined to the groundmass. Orthoclase, sanidine, and anorthoclase 
are generally the only feldspars, and the mafic minerals are almost 
invariably rich in soda. 

Quartz trachytes. These are particularly common on oceanic vol¬ 
canoes as late differentiates from olivine basalt, and they generally 
form stumpy flows, plugs, and domes. The quartz in some of them 
is porphyritic, but usually it forms anhedral or subhedral grains 
intergrown with alkali feldspar in the groundmass. Occasionally, as 
among the trachytes of Akaroa Peninsula, New Zealand, the quartz 
may be proxied by fumarolic tridymite. Soda-rich sanidine or ortho¬ 
clase is the chief feldspar; anorthoclase, oligoclase, and albite are 
normally present in subordinate amounts. Among the dark min¬ 
erals, biotite is the most common, though it is often more or less 
replaced by granular ore, as hornblende also is if present. In soda- 
rich types, riebeckite or barkevikitic hornblende, aegirine-augite. 
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and aegi rite are not uncommon, and a few specimens carry a little 
fayalite. Magnetite and apatite are constant accessories. 

Keratophyres and Quartz Keratophyres 

These bear much the same relation to andesites and dacites as 

n r a ' baSa,lS ' and ' like s P ili,es - 'hem are 

nterbedded with or intrude marine sedimentary rocks. Quartz-free 

lypes generally have phenocrysts of sodic plagioclase and hornblende 
or diopsidic augite set in a felted or trachytic groundmass made up 
mainly of albite or albite-oligoclase. chlorite, epidote, magnetite 
spl ene, and apatite (Figure 29C). Some varieties contain subordi- 
na.e potash feldspar and soda-bearing mafic minerals. In quartz kera¬ 
tophyres the quartz may form corroded phenocrysts, but usually it 

15 r,T Wn W ' th gToundmass ff't'spar as micro- or crypto-felsite 
Probably some keratophyric rocks, or ' albite and oligoclase tra¬ 
chytes, as they are sometimes called, are derived directly from soda- 

matirTllfT' a T"? f ° rmerly "'° re calcic rocks - metaso- 
matically albitized during or after solidification. The occurrence of 

bite veins and albite rims round calcic plagioclase. the uralitiza- 

non of pyroxene, and the presence of much epidote and chlorite 

are taken to indicate late- and post-magmatic changes. 

Fxtreme'y leucocratic. fine-grained dike rocks, frequently referred 

o as alkali syenite aphtes." include bostonite. per'hositt, and albi - 

Boston lies are rarely porphyritic; generally their texture is 

rachyt.c or marked by crudely radiating clusters of tabular feldspars 

«cy ronstst almost ent.rely of anorthoclase. orthoclase, microcline 

and alb,te. any one of which may predominate. If quartz is present 

blende "ZrTh \ ‘ l0 ™"" cnls arc bioti «- and horn-’ 

blende or riebeckite. Apatite. zircon. and iron ore are invariable 

ccessories. Perthosite is composed almost solely of microperthite 

a< ompametl by a little aegirine-augite. sphene. apatite, and ore 

bile albititc, except for a little muscovite, aegirite, or riebeckite' 

,s \ irttially a pure albite rock. 

Phonolites 

•O more' Mds P^s amounting 

more than 10 percent by volume. They are separable into the 

|>honXs° r SO<la ' |,l,On0li,CS and " ,C sll,> °rdinate potash, or leucite, 
So*, phonolUes. Most phonolites are porphyritic. with a fine- 
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A 

Figure 30. Phonolites 


B 


C 


A. Mafic pscudolcucitc phonoliic. Bcarpaw Mountains. Montana. Diam. 3 mm. 
IMicnocrysts of pscuriolcucitc composed of sanidinc. cloudy zeolites, and a 
little nepiicline; also of hiotite and diopsidic augite, the latter partly fringed 
with aegirine. Groundntass consists chiefly of acgirinc needles, biotite, and 
anhedral sanidinc. 

B. Nosean phono lire. Wolf Rock, Cornwall. England. Diam. 2 mm. Phcnocrysts 
of sanidinc and zoned nosean. in a groundntass of cuhcdral nephcline, acicu- 
lar aegirine. a few sanidinc microlitcs, and a little interstitial turbid analcite. 

Aegirine phonoliic, Lead. South Dakota. Diam. 2 mm. Euhedral ncphclincs 
and poikilitic patches of aegirine. in a matrix composed mainly of micro- 
lithic sanidinc. 


grained trachytic or glassy ground mass. They consist essentially of 
nephcline and alkali feldspar with soda-rich amphiholes or pyroxenes 
or both. If nephcline is present only in small amount, it is generally 
interstitial and anhedral; where it is more abundant, some of it 
forms euhedral crystals of squarish or hexagonal outline around 
which the laths of feldspar swerve. Alteration to analcite and other 
zeolites and to kaolin is widespread. 

The feldspar commonest in phonolites is soda orthoclase or sani¬ 
dinc. If plentiful it forms both phenocrysts and microlitcs; other¬ 
wise it is confined to the groundmass. Sometimes anorthoclase or 
microperthite is the principal feldspar, but plagioclase is rarely 
found and is seldom more calcic than albite. 

In a few phonolites, leucite, nosean. hauyne, or sodalitc accom¬ 
panies or takes the place of nephcline. Examples arc shown in Figure 
30All. 'These isometric feldspathoids may be present as euhedral 
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phenocrysts or as subhedral forms embayed by corrosion: 1 hey often 
exhibit strong color zoning in shades of gray, brown, or blue, or are 
rendered almost black by abundant minute inclusions arranged in 
dense grids. If they occur in the groundmass. they generally retain 
euhedral and subhedral shapes, but sodalite is commonly found in 
veins and poikilitic patches or in wedge-shaped spaces between the 
feldspar laths. 

Analcite is seldom lacking in phonolites. and in some it is the 
principal constituent. In a variety found near Crowsnest Lake. Al- 
berta, analcite forms two-thirds of the bulk, occurring in reddish 
phenocrysts up to an inch across and as smaller, second-generation 
crystals in a fine matrix of nepheline, sanidine. aegirine-augite. and 
melanite garnet. In another Canadian phonolite, two thirds of the 
volume is made up of euhedral analcite and anorthoclasc rhombs, 
in approximately equal amounts, accompanied by phenocrysts of 
awgite and olivine in a matrix of soda-rich glass with the composi- 
l ' on °f anorthoclase. And in the classic alkaline region ol tlu- High- 
"ood Mountains of Montana, olivine-hearing analcite phonolites 
arc among the most widely distributed lavas. They carry phenocrysts 
(, l olivine, of diopsidic augitc fringed with green sodic pyroxene, and 
(a few) of biotite and barium sanidine. in a groundmass of the same 
minerals plus abundant analcite. 

I he mafic minerals of soda phonolites display unusual variety. 
* n l * ,c * )as *c phonolites. olivine fairly rich in iron, diopside. and 
nianaugite are common. In most varieties, however, the principal 
pyroxenes are aegirine-augite and aegirite: the former, which crystal- 
!' /cs ,ns! * forms stumpy phenocrysts or roughly cquant granules: the 
«‘Hei either envelops the former or is grouped in ragged bundles of 
needles and mossy shreds that surround both the feldspar and the 
nepheline in pseudo poikilitic fashion. Of the amphiboles. the least 
•'mndant is brownish hornblende, which is almost invariably re- 
P a( ed, at least in part, by granular pyroxene and ore. More charac- 
•enstic are the sodic amphiboles riebcckitc, arfvcdsonitc, cossyrite, 
ataphorite, and, occasionally, barkevikite. Because all of these 
crystallize at a late stage, they seldom form phenocrysts: they nor- 
ma y occur, like aegirite, in tufty interstitial clusters. And, like 
aegirite, they tend to be altered to brownish iron oxides. Biotite is 
not common in phonolites; it is never the only mafic constituent. 
>nt in rare instances it may be the predominant one. 

Among the minor accessories, apatite and zircon are scarce, but 
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sphene is widespread, and the typical iron ore is titaniferous mag- 
netite. ° 

Tinguaites differ from soda phonolites only in field occurrence. 
They are all intrusive rocks, forming dikes or fine-grained border 
facies of nepheline syenite plutons. They consist of the same min¬ 
erals as phonolites, but are marked by abundance of acicular aegir- 
ite, as illustrated in Figure 31. 

Other dike equivalents of soda phonolite include some of the 
celebrated rhomb porphyries found in several alkaline igneous com¬ 
plexes. These rocks range, however, from slightly oversaturated to 
distinctly undersaturated types, and only those with more than 10 
percent nepheline belong to the clan of feldspathoidal syenites. The 
prominent feature they all have in common is the presence of abun¬ 
dant and large phenocrysts of anorthoclase. Their mafic constituents 
are generally sodic pyroxenes with subordinate amphiboles, olivine, 
and biotite. 

Leucite phonolites. Some of the foregoing soda phonolites carry 
a little leucite, but in the rocks now to be described leucite or pseu- 
doleucite is an essential constituent and may be the only feld- 
spathoid. No example is more familiar than the leucitophyre of Rie- 



A 


B 


Figure 31. 
Tinguaites 


A. Tinguaitc, Serra de Tingua, Brazil. Diam. 2 mm. Phenocrysts of nepheline. 
sanidine, aegirine-augite, and sphene, in a groundmass composed chiefly of 
sanidine microlites and ragged needles of aegirinc, with a little nepheline 
and analcite. 


B. Sodalite tinguaitc, Muhlorzen, Bohemia. Diam. 2 mm. Phenocryst of zoned 
sodalite, in a dense matrix of sanidine, acicular aegirinc, and euhcdral nephe- 
line. 




A Be 

Figure 32. Leucine Lavas 

A. Lcucitc trachybasalt, Ca,x> <li Bovc, Italy. Diam. 3 mm. Leucitc crystals with 
concentric inclusions, greenish diopsidic ..ugite. ami (lakes of biotitc. in a 
matrix of anhedral poikilitic sanidinev Poikilitic tablets ol mcliliie near 
right edge of section. 

'*• Wyoming. Dim 3 Lou.ius wi.h imlusions; 

i i? ol ,,al * * recn ''‘"I*'" 1 ' laigt flakes pldogopin with dark 

titaiufcrous borders and a lets sagenite webs ol rutile; interstitial colorless 
glass. 

C * < j >rcnd,,c * Semite Mills, Wyoming. Diam. 3 mm. Minute grains of leucite and 
‘"opsule prisms ami large flakes ol phlogopite. in a groumlinass consist mg 
tliielly ol divergent sanidine laths and much acicul.ir ap.nite. 
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< . ,Cn in ll,c Eifcl ’ illustrated in Figure I7A. The largest pl.enocrysts 
1,1 1 ,csc ro,ks are Smites showing set tor twins; others consist of 
an hayed (lark bordered noscan, zoned augite, im reasingly green and 
s "di< toward the rims, and deep brown inelanite garnet. In some 
^petmiens, sphene also forms phcnocrysts. I he dense groundmass is 
( oniposed mainly of sanidine microlitcs, lcucitc, aegirine-augite or 
•‘cgiritc, iron ore, apatite, and a little interstitial nepheline. ()<ca- 
Monally one may also see a small amount ol hornblende and biotite. 

1 -eucite phonolites rich in phlogopite form voluminous lavas in the 
ClU,,c ,,ll,s ol Wyoming. The chief type, orendite (Fig. 32C), has 
l »e following mode: leucite. 10; sanidine. 31; diopside :£ katapl.o- 
l | ll . Cf I ,or pFyritic phlogopite, II; apatite and brookite, 3. With 
i ns type is another called wyomhigtie, illustrated in Figure 321b 
^t tough tins is devoid ol feldspar, it may he classed ecptally well 
WlUl l,e l ,,,ono,ilcs or w«h the leucitites because it has a o| as sy 
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matrix which, had it crystallized, would have yielded a mixture of 
sanidine and nosean. The principal minerals are phlogopite, often 
with dark titaniferous rims and sagenite webs of rutile, colorless- 
to-pale-green prisms of diopside, and tiny leucites, most of them 
charged with inclusions. Apatite and sphene are the chief accessories. 
Wyomingite is almost identical with some of the Western Australian 
leucite-rich lavas described as leucitites (p. 63). 

Mafic leucite and pseudoleucite phonolites, such as that depicted 
in Figure 30A, are abundant in the Highwood and Bearpaw Moun¬ 
tains of Montana and in Murcia, Spain. They are distinguished 
from orendite by higher color indices (about 50), by having less 
sanidine, and by containing olivine; and the typical sanidine in 
them is the barium-rich variety hyalophane. Their leucites are sel¬ 
dom fresh; generally they are completely or partly replaced by anal- 
< itc or are altered to mixtures of sanidine, nepheline, and cloudy 
zeolites. 

By increase in content of plagioclase, leucite phonolites grade into 
leucite tephrites and basanites; by disappearance of all feldspars they 
pass into leucitites. 

Coarser-grained Types 

Diorites 

l P lo about 1900, diorite and gabbro were distinguished mainly 
by their principal mafic minerals: hornblende was regarded as char¬ 
acteristic of diorite, and pyroxene and olivine of gabbro. Later, dis¬ 
tinction was based primarily on the kind of modal plagioclase, 
diorites supposedly having plagioclase with the anorthite molecule 
making less than 50 percent, and gabbros having more calcic plagio¬ 
clase. Several recent writers, however, have abandoned plagioclase 
as a basis of separation. They prefer the color index because many 
of the darker "meladiorites,” so defined because oligoclase or ande- 
sine is their dominant feldspar, are chemically gabbroic. Unfortu¬ 
nately, there is disagreement as to the critical color index, although 
40 seems the most satisfactory. But no single criterion is really all- 
sufficient, and which of the several criteria should be given most 
weight is a matter of opinion. 

Fortunately, most authorities agree that typical diorites are me¬ 
dium- and coarse-grained rocks in which oligoclase or andesine is 
the principal feldspar, and hornblende and biotite are the chief mafic 
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minerals. In typical gabbros, on the other hand, labradorite or by- 
townite is the main feldspar, and pyroxene, in approximately the 
same or greater amount, is the dominant mafic constituent, followed 
by hypersthene and olivine. 

One difficulty arises in separating lime-rich diorites and diorites 
with color indices of more than 40 from lcucogabbros, which are 
classed as gabbros on the basis of composition rather than color. It 
is a matter of debate whether borderline rocks of this kind are better 
called meladiorites or oligoclase and andesine gabbros. 

Another difficulty arises in attempting to distinguish between 
diorite and granodiorite. The critical factor, according to Wells, is 
silica percentage; for him, no granodiorite contains less than 66 per¬ 
cent silica. Moreover, according to his classification, orthoclase may 
be absent from granodiorite or may constitute up to a third of all 
the feldspars. In the I’nited States, however, most geologists adopt 
I.indgrens original definition of granodiorite, restricting the term 
to rocks in which orthoclase makes up 13.3-33.3 percent (roughly 
from an eighth to a third) of the total feldspar. According to this 
definition, diorites are rocks in which less than an eighth of the 
feldspar is potassic. and the silica percentage may be above or below 
60 . 

Now, while most diorites are of intermediate composition, almost 
all contain some quartz, and some are extremely rich in that mineral, 
containing even more than a quarter by volume. We shall call those 
in which quartz makes up more than 10 percent of the bulk quartz 

(homes, and among these, as we shall sec. are most of the so-called 
tomlitrs. 

Diorites and quartz diorites are generally found as marginal facies 
or cupolas of larger granodiorite plutons, or as relatively small stocks 
and bosses, though in some regions quartz diorites have tremendous 
bulk. Many diorites are probably of hybrid origin, formed either 
through assimilation of sialic material by basic magma or through 
contamination of acid magma by digestion of more basic rocks 

Then texture is notably variable. Some are hypidiomorphic- 
granular, some are allotriomorphic-granular. and some exhibit sieve 
textures or are strongly porphyritic. Moreover, there is often a segre¬ 
gation of dark and light minerals in irregular clots or definite lavers. 

I he commonest kind of diorite consists essentially of oligoclase or 
andesine and hornblende with subordinate biotite! orthoclase, and 
quartz. Zoning of plagioclase is more common and variable than 
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among most granodiorites and granites. Normal zoning predomi¬ 
nates, but oscillatory zoning and reverse zoning are also common, 
particularly in hornblende-rich diorites and in contaminated rocks. 
In basic rocks the cores are usually composed of labradorite. Selective 
alteration may accentuate this zoning. Sodic rims may remain fresh 
tvhlie calcic cores are changed to saussuritic aggregates of various 
kinds; or certain zones may be altered to sericite or kaolin while 
other zones remain clear. The plagioclases of many diorites contain 
abundant inclusions of mafic minerals, apatite, and iron ore. 

If potash feldspar is present in diorite, it is almost invariably 
orthoclase, and either is interstitial or mantles the plagioclase. Not 
uncommonly it is bordered by myrmekite, particularly where in 
contact with plagioclase. Microcline is scarce, and perthite, common 
in more alkaline plutonic rocks such as syenite and granite, is rarely 
present. Quartz is always interstitial and is often in micrographic 
intergrowth with orthoclase; in some diorite porphyries, however, it 
may form phenocrysts. 

Among the mafic constituents of diorites. green or. less commonly, 
brown hornblende predominates. In some rocks it forms stout prisms; 
in others it is acicular; and in still others it has a spongy or sieve-like 
appearance owing to incomplete replacement of abundant inclu¬ 
sions. Partial replacement of hornblende by biotite is widespread. 

The biotite is usually brown and rarely green. It almost always 
increases in amount along with quartz. The characteristic alteration 
is to chlorite, with concomitant separation of granular sphene. Pri¬ 
mary muscovite is absent from normal diorites but may be abundant 
in quartz-rich varieties. Colorless or pale-green diopsidic augite is 
the characteristic pyroxene of most diorites, and it is generally sur¬ 
rounded by reaction rims of hornblende, but in the more basic 
diorites it may also form discrete crystals along with hypersthene, 
and one or both may exceed hornblende in amount. Olivine is 
extremely rare, even in basic varieties. 

Apatite, zircon, sphene and iron ores are always to be counted 
among the minor accessories, and contaminated diorites may contain 
minerals, such as garnet, spinel, cordierite, andalusite, and silliman- 
ite, that are more characteristic of metamorphic rocks. 

Diorite porphyries do not merit detailed description, for their 
mineral content is precisely the same as that of diorites, from which 
they differ only in texture. They contain phenocrysts of zoned plagi¬ 
oclase, hornblende, and biotite, and occasionally of quartz, in a dense 
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Figure 33. Dioriles 


A. Tonalitc, Adunello. July. Diam. 2.5 mm. Subhedral and cuhedral zoned 
cryslab of andcstnc-oligocla*. locally rimmed with orthoclase; anl.edral 
pa,.her of quartz: green hornblende and brown biotite; allanite partly 
(ringed with eptdotc (lower right); accessory magnetite, apatite, and sphene. 

B. Trondhjemite. Castle Towers batholith. British Columbia. Diam. 2.5 mm. 

am constituent is oligoclase showing oscillatory zoning and borders of 
myrmekrte; next in abundance is quartz, then orthoclasc. Accessory con- 
stituents are biotite, apatite, iron ore, and sphene. 


C:. Hornblende diorite. near Stockholm. Sweden. Diam. 3 
subhedral crystals of andcsine-oligoclasc; a little microc 
biotite; accessory iron ore. apatite, and sphene. 


nun. Roughly cquant 
line, hornblende, and 


allotriomorphicgranular matrix, which is almost devoid of mafic 
minerals and contains a little quartz and orthoclase in addition to 
the dominant sodic plagiotlase. 

Many quartz dioriles are acid rather than intermediate in com¬ 
pos,.ton, being classed as diorite because they contain little or no 

In 1’w dcii P 1 ‘ hem afC in A " ma ' dy a5S<xia,cd wi “> 8ranodiori.es, 
* C eV ° “' n merge ; AmonR most of the so-called 

tonal,tes although some rocks to which this name has been applied 

contain less than .0 percent quartz. A thin section of ,he'"e 
spec,men of tonalue from Adamello in the Tyrol is shown in Figure 
33A. Approximately a third of it is normally zoned plagioclase 
<An„ : , ) a quarter is hornblende, and another quarter^ biotite- 

,s t ,z and ' ,,cr<em is remaind..; 

consists ol apatite, sphene, and iron ore. 

As the quartz content of diorites increases, biotite tends to become 
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more abundant at the expense of hornblende. In New Hampshire, 
for example, hornblende is absent or extremely rare in diorites with 
more than 10 percent quartz, and muscovite usually takes the place 
of biotite in rocks with approximately 40 percent quartz. 

A few quartz diorites have color indices as low as 10-15. A good 
example is irondhjemite, essentially an oligoclase-biotite-quartz 
diorite (Fig. 33B). The type rock from Norway has the following 
content (weight percentages): zoned plagioclase (An 2J . lfl ) ± a little 
microperthite, 68; quartz, 23; biotite ± a little hornblende and 
augite, 8; ore and apatite. 1. Chemically it is more siliceous than most 
granodiorites and belongs to the acid group of igneous rocks, but on 
account of the virtual absence of alkali feldspars it is here included 
in the Diorite Clan. Doubtless many rocks from the Cordilleras of 
North and South America that have been classed by others as grano¬ 
diorites are really trondhjemites. 

At the other extreme are the meladiorites with color indices of 
more than 40. These include most of the poorly defined appinites, 
which are made up chiefly of slender prisms of green and brown 
hornblende intergroivn with andesine or, less commonly, with 
oligoclase. 

Very rare, but not to be omitted from this account, are the under¬ 
saturated diorites carrying nepheline or corundum or both. Two 
examples must suffice. One is plumasite, found in California, a coarse 
allotriomorphic-granular dike rock consisting essentially of oligoclase 
and corundum, generally in the ratio of about 3 to 1, accompanied 
by accessory iron ore, garnet, muscovite, and apatite. The other is 
the dungannonite of Ontario, which has the following content 
(weight percentages): plagioclase, mainly andesine, 72; corundum, 
13; biotite, 8; nepheline, 3; scapolite, 2; iron ore and calcite, 2. 

Contaminated Diorites 

Most diorites, as noted already, are probably hybrid rocks, and 
many contain xenoliths that exhibit various stages of magmatic 
reaction. From abundant examples of such contaminated diorites we 
select the tonalite of Loch Awe, Scotland, described by Nockolds. 
The normal tonalite at this locality consists principally of oligoclase, 
microti ine-perthite, quartz, biotite, hornblende, and diopsidic augite. 

It contains numerous xenoliths of argillaceous material, now com¬ 
posed chiefly of cordierite, spinel, corundum, and labradorite. The 
tonalite close to these is modified i;i several respects; its plagioclase is 
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more calcic than usual; it has more biotite, but less microperthite 
and quartz; and it contains apatite and pyrite. but no hornblende, 
pyroxene, or sphenc. Apparently the tonalite magma absorbed some 
alumina, magnesia, and ferrous oxide from the xenoliths and, in 
exchange, enriched them somewhat in potash and silica. The tonalite 
also contains inclusions of argillocalcareous material, now repre¬ 
sented mainly by bits of diopside-hypersthene-plagioclase hornfels. 
Close to these, also, the tonalite is modified: its amphibole is color¬ 
less, and it contains very little augite or microperthite but more than 
the usual amount of magnetite, pyrite. and zircon. Besides, its plagi- 
o< lasc is more calcic. Greater chemical changes were involved in this 
reaction. Iron and magnesia were gained by the tonalite magma 
while $ome potash and alumina were lost. The tonalite also carries 
xenoliths ol impure calcareous material, now represented by clots of 
diopside and plagioclase. Around these the tonalite consists essen¬ 
tially of diopside. plagioclase. hornblende, and quartz; here the 

magma gained some lime and magnesia and lost some alumina and 
soda. 

In each of the foregoing reactions, entry of material from the 
maama into the xenoliths produced minerals identical with those in 
die surrounding tonalite. Clearly, the function of the reactions was 
not to change the chemical composition of the xenoliths to conform 
with that of the magma but to produce solid phases stable in the 
magma at the time of incorporation. 


Monzonites 

Monzonites occupy an intermediate position between syenites and 
d tomes; hence they are sometimes referred to as syenodiori.es. They 
arc characterized by approximately equal amounts of potash feldspar 
and plagioclase, neither of which constitutes less than a third or more 
dian two-thirds of the total feldspar. Quartz is usually present in 
■small amount, but never exceeds 10 percent by volume. Color indices 
generally he between .'10 and 40. By increase in quartz, monzonites 
pass into adamellites: by ..urease in mafic constituents, particularly 
olivine. they grade into kentallenites. The monzonites are not abun- 
< ant rocks most of them being found as bonier facies or satellite 
offshoots of much larger bodies of diorite or granodiorite. 

The type monzonite of the Tyrol is illustrated in Figure 34A. Its 
n ode ts as follows: euhedral and suhhedral, normally zoned plamo- 
ase (An M:l5 ). 33; orthoclase. 32: augitc plus a little hornblende. 24- 
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Figure 34. Monzonites and Adamellite 

A. Mon/onitc, Monzoni, Tyrol. Diam. 2.5 mm. Euhedral laths of andesine; 
anhedral, turbid soda orthoclase, and a little interstitial quartz. Diopsidic 
augite. partly bordered by green hornblende and brown biotite. Accessory 
minerals are iron ore. apatite, and sphene. 

B. Quartz-bearing hornblende monzonite. Pine Nut Range, Nevada. Diam. 2.5 
mm. Euhedral crystals of andesine. large anhedra of kaolinized orthoclase, 
and smaller ones of quartz. Dark constituents are hornblende, sphene, and 
iron ore. Accessory needles of apatite. 

C. Adamellite. Shap Fell. Cumberland. England. Diam. 2.5 mm. Euhedral, scri- 
citizcd crystals of oligoclasc: anhedral quartz and kaolinized orthoclase. The 
Hakes of biotite show alteration to chlorite with liberation of secondary 
sphene. Accessory constituents are primary sphene, apatite, fluorite (near 
center), and allanitc (near bottom). 

lcpidomelane, 6; ore, apatite, zircon, sphene, and quartz, 5. The 
texture is often poikilitic, large anhedral tablets of orthoclase envel¬ 
oping all other constituents except quartz. 

In the more siliceous monzonites, richer in quartz, the dominant 
mafic constituents are biotite and hornblende; in the more basic 
varieties, augite takes first place among the dark minerals and may be 
accompanied by hypersthene and olivine. 

Many monzonites contain patches of myrmekite and micropeg- 
matite of deuteric origin, just as many diorites and granodiorites do, 
and these are molded upon, are inserted between, or exhibit finger- 
like intergrowths with, the more abundant constituents. Also to be 
ascribed to deuteric action is the widespread uralitization of the 
augite seen in many monzonites. 

Monzonite fiorfthyrics generally carry phenocrysts of plagioclase 
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with cores of andesine and rims of oligoclase or albite, sometimes 
enveloped, in turn, by orthoclase. Orthoclase and perthite may also 
form phenocrysts, but large mafic crystals are rare. The groundmass 
consists of a fine granular intergrowth of albite or oligodase and 
orthoclase, stippled with augite, hornblende, biotite, iron ore, apa¬ 
tite, and sphene. 

Syenites 

The medium- and coarse-grained equivalents of trachytes are 
microsyenites and syenites, in which alkali feldspars make up at least 
two thirds of all the feldspar. Quartz never exceeds 10 percent by 
volume; neither do feldspathoids, and commonly both are absent. 
The color index seldom rises above 10. 

Two groups of syenites have long been distinguished, the alkali 
syenites and the alkali lime syenites, or orthosyenites. In the former, 
less than 5 percent of all the feldspars are more calcic than albite; in 



A . B c 

Figure 35. Syenites 


A. Nordmarkite Oslo, Norway. Diam. 2.5 mm. Large crystals of micro,,erthite, 
locally veined and fringed with albite; a little cjuartz and biotite; accessory 
iron ore, zircon, and splu-nc. ’ 

“• * yt ' nitc ’ Ym,r ' B '»“ h Columbia. Diam. 3 mm. The main constituents are 
biotite, uraliti/cd augite, and kaolini/cd orthoclase. Minor constituents arc 
small tuhedral andesines and apatite. 


• Alkali syenite, Cilaor, Reunion Island. I),am. 2.5 mm. The chief feldspar is 
kaolin,red perthite; albite and anofihoclase are also present but in very 
minor amounts; and there is a little interstitial quart/. The mafic minerals 
are aeginne-augitc (palest), aegirine (darkest), anti barkevikitic hornblende 
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the latter, oligoclase or andesine is the typical plagioclase. The alkali 
syenites are usually associated with alkali granites or with feldspath- 
oidal plutonic rocks; alkali-lime syenites are usually found in com¬ 
pany with monzonites, as border facies of granites. 

Alkali syenites. The principal variety of quartz-bearing alkali 
syenite is nordmarkite (Fig. 35A). Between eight-tenths and nine- 
tenths of a typical specimen consists of micro- or crypto-perthite in 
which orthoclase or microcline plays host to albite or acid oligoclase. 
Perthitic intergrowths of this kind are common in almost all syenites, 
and especially in alkali syenites. They are often so minute, however, 
that the precise composition and relative amount of the component 
feldspars cannot be determined. The content of interstitial quartz in 
nordmarkites usually ranges from about 5 to 8 percent. In some 
varieties the chief mafic constituent is iron-rich biotite; in others it is 
hornblende or hastingsite; in still others one of the sodic varieties 
may preponderate, either aegirine-augite, aegirite, arfvedsonite, or 
riebeckite. Sphcne, apatite, zircon, and iron ore are ever-present 
though minor accessories. 

Some alkali syenites are peraluminous, being composed almost 
entirely of microperthite, biotite, and muscovite. A few, indeed, are 
so rich in alumina that they also carry abundant corundum and 
accessory aluminous minerals such as spinel, pyrope, and chrysoberyl. 
Other alkali syenites are peralkaline; that is, all the mafic minerals 
accompanying the microperthite are varieties rich in iron and soda, 
like arfvedsonite and aegirite. Such syenites, among which umptekite 
is perhaps the chief, commonly contain a little nepheline; these 
generally occur as border facies of nepheline syenite plutons. 

Pulaskite is an alkali syenite composed mainly of soda orthoclase, 
soda microcline, and microperthite or antiperthite. It may contain 
subordinate nepheline, sodalite, or, rarely, noscan. The colored min¬ 
erals are titaniferous lepidomelane, aegirine-augite, aegirite, barke- 
vikite, arfvedsonite, and eckermannite. Common accessories are apa¬ 
tite, sphene, titaniferous ore, fluorite, zircon, and zirconium silicates. 

By increase in content of plagioclase, pulaskites grade into laurvig- 
ites ( larvikites), widely known and admired as ornamental stones on 
account of their beautiful schillerized phenocrysts of feldspar. Until 
recently these phenocrysts were believed to consist of anorthoclase. 
Now, however, they are known to consist of two feldspars intimately 
intergrown—namely, oligoclase, largely antiperthitic, and alkali feld¬ 
spar, usually soda orfhoclase or soda microcline. Together these make 
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up between eight-tenths and nine-tenths of the rock. The mafic 
minerals tend to be grouped in clusters. Chief among them are 
diopsidic augite and titaniferous augite, often with reaction rims of 
barkevikite. In some specimens lepidomelane is present; in others, 
particularly in basic varieties, bronzite and iron-rich olivine are not 
uncommon. Apatite is generally abundant, and the typical iron ores 
are ilmenite and titaniferous magnetite. Some laurvigites arc slightly 
undersaturated, carrying a little nepheline. cancrinite. or socialite. 
Where these feldspathoids exceed 10 percent by volume, the rocks 
become laurdalites (sec p. 117). A few laurvigites, on the other hand, 
are slightly oversaturated, and carry a little interstitial quartz; these 
grade into the nordmarkites already described. 

Alkali syenites and alkali syenite porphyries emplaced at shallow 
depths may contain sanidine instead of orthoc lase or inicroperthite. 
An interesting example is found in the famous Shonkin Sag laccolith 
of Montana. About three-quarters of the syenite here consists of 
roughly equal amounts of sanidine and zeolites, chiefly natrolite and 
stilbite. Nepheline may once have been present, but all of it has been 
replaced by zeolites. Augite, rimmed with aegirinc-augitc or aegirite, 
is generally the chief mafic mineral, but barkevikitic hornblende 
may be. Brownish-green biotite is common, and acmiteand riebeckite 
are occasionally found. Accessory constituents include iron ores, apa¬ 
tite needles, sphene, melanite, and grossularite. 

At Port Cygnet, Tasmania, there occurs an interesting sanidine- 
nch alkali-syenite porphyry in which large phenocrysts of sanidine 
(with inclusions of hauyne), numerous grains of melanite garnet, and 
phenocrysts of iron-rich hornblende, aegirine augite. and aegirite lie 
in a pilotaxitic-to-trachytic groundmass of the same minerals. Mela¬ 
nite garnet may be abundant in alkali syenites, especially in mafic 
varieties transitional into shonkinites, but it is rare in alkali-lime 
syenites, where the characteristic garnet is andradite. 

finally, there are a few soda-rich syenites in which albite is the 
dominant feldspar. An example from near Coalinga, California, must 
suffice for description. More than three-quarters of it is composed of 
albite crystals, a few of which have cores of andesine. The chief dark 
mineral is barkevikite; biotite and aegirite are present but usually 
quite subordinate. The accessory constituents include deuteric cal- 
cite and zeolites, iron ore, zircon, and apatite. 

Alkali-lime syenites, or orthosyenites. In these rocks potash feld- 
Spar ,s al lcasl twi< c as plentiful as the plagioc lase, which is generally 
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oligoclase or andesine. In coarse-grained types the principal feldspar 
is micro- or ^rypto-perthite, the host mineral being orthoclase, anor- 
thoclase, or, rarely, microcline. Some of these perthitic intergrowths 
are enveloped by thin shells of albite, and some enclose cores of 
oligoclase. In microsyenites and syenite porphyries, however, per¬ 
thitic intergrowths are less common, most of the alkali feldspar being 
soda orthoclase or soda sanidine. In basic syenites the plagioclase may 
be as calcic as labradorite. 

If quartz is present, it is found either as interstitial anhedra 
between the feldspars, in micrographic intergrowth with potash feld¬ 
spar, or in myrmekite. A well-known example of quartz-bearing sye¬ 
nite from Plauen, near Dresden, is illustrated in Figure 41 A. This 
rock, like the type syenite from Assouan, Egypt, and many other 
syenites, is extremely variable in content of both quartz and plagio¬ 
clase, so that it grades into granite on the one hand and into monzo- 
nite on the other. 

The characteristic mafic minerals of alkali-lime syenites are green 
hornblende and brown biotite. These are almost always found 
together, the former generally predominating, but in rocks transi¬ 
tional toward granite the biotite tends to preponderate. Diopsidic ' 
augite may be present as discrete crystals or as cores inside horn¬ 
blende, and it tends to become more abundant as the rocks become 
more basic. Titaniferous augite, orthopyroxene, and olivine are 
scarce except in varieties transitional to monzonites and shonkinites. 
Minor accessories are generally less abundant and varied than in 
alkali syenites; among them are apatite, sphene, zircon, and iron 
ores, the last of which usually carry less titanium than those of alkali 
syenites. 

Feldspathoidal Syenites 

These rocks, though less abundant than other medium- and coarse¬ 
grained intermediate rocks, have always attracted special notice by 
the great variety of their minerals, many of which are rare and hence 
of peculiar interest. Texturally, also, these rocks are highly variable; 
in addition, they exhibit a wide range in silica content, depending on 
whether feldspathoids or alkali feldspars predominate. It is not sur¬ 
prising, therefore, that feldspathoidal syenites have been given an 
excessive number of varietal names. Before describing the principal 
kinds, however, we must mention certain general features. 

Almost all feldspathoidal syenites are rich in soda, for their com- 
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monest feldspathoids, in order of abundance, are nepheline, analcite, 
sodalite, and nosean. Richness in soda is also reflected by the presence 
in many types of albite, soda orthoclase, perthite, anorthoclase, and 
such mafic minerals as aegirine-augite, aegirite, arfvedsonite, and 
barkevikite. In basic varieties titanaugite is common, and there may be 
olivine as well, but m all feldspathoidal syenites orthopyroxenes are 
conspicuous by their absence. The typical mica is iron- and titanium- 
rich lepidomelane, and the usual iron ore also is titaniferous. In 
peraluminous varieties muscovite and corundum are fairly common. 
Apatite is almost always abundant, and zircon, sphene, and zirco¬ 
nium- and titanium-bearing silicates are far more plentiful than 
in most other plutonic rocks. Melanite garnet is also widespread, and 
many rocks carry deuteric cancrinite and calcite. 

The following notes describe first those varieties in which alkali 
feldspars greatly preponderate over feldspathoids, then those in 
which they are present in approximately equal amounts or in which 
feldspathoids predominate. Rex ks in which feldspathoids are the only 
felsic constituents or in which they are far in excess over feldspars 
are generally so poor in silica as to belong to the Alkali Gabbro Clan, 
already discussed. 

Albite-rich nepheline syenites are well represented by the litch- 
fieldile of Maine, illustrated in Figure 36B. About half of a typical 
specimen consists of albite, a quarter of orthoclase and microcline, 
and about 15 percent of nepheline. Lepidomelane is the only mafic 
mineral, and the usual accessories are cancrinite, sodalite, calcite, 
sphene, titaniferous ore, zircon, and apatite. Somewhat similar per¬ 
aluminous syenites in the Blue Mountains of Ontario contain 
muscovite, corundum, hastingsite, and garnet. In other syenites, 
corundum may be present to the exclusion of nepheline, the accom¬ 
panying minerals being microperthite and lepidomelane. A few 
albite-rich nepheline syenites carry aegirite as well as or in place of 
lepidomelane. In rocks transitional into nepheline monzonites, the 
plagioclase is oligoclase rather than albite and is accompanied by 

microperthite, the two together being far in excess of the feld¬ 
spathoids. 

Feldspathoidal syenites with little or no plagioclase are much more 
abundant. By diminution in feldspathoids they grade into alkali 
syenites such as pulaskite and laurvigite, already described. An ex¬ 
ample marked by abundance of anorthoclase is laurdalite. In this 
xxk, anorthoclase is generally the only feldspar, making up between 
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half and two-thirds of the bulk, but in some varieties it is accom¬ 
panied by soda orthoclase or cryptoperthite or both. Nepheline, often 
attended by sodalite, is quite subordinate to feldspar, but it may 
occur in phenocrysts as large as one’s fist. The dominant mafic con¬ 
stituents are usually lepidomelane and sodic pyroxenes, although 
sodic amphiboles are seldom lacking and may predominate, and 
olivine is not uncommon in basic varieties. Apatite and titaniferous 
iron ores are constant but minor accessories. 

Medium-grained laurdalites include some rhomb porphyries, 
others of which are microlaurvigites and dike equivalents of phono- 
lite. 

A few feldspathoidal syenites rich in potash feldspar have hastings- 
ite as their chief mafic mineral. An example from Red Hill, New 
Hampshire, consists chiefly of microperthite, partly mantled with 
albite; approximately a third is composed of nepheline or sodalite 
or both, and the rest is made up of hastingsite, aegirine-augite, a 
little biotite, magnetite, pyrite, and pyrrhotite. 

Other feldspathoidal syenites rich in potash feldspar are peralka- 
line, their chief mafic minerals being arfvedsonite, eckermannite, and 
aegirite. Remarkable rocks of this character are found in southern 
Sweden, some of which, especially those of coarse grain, are extraor¬ 
dinarily rich in apatite and sphene and in such zirconium-bearing 
minerals as eudialite, catapleite, rosenbuschite, Hvenite, and zircon. 
Indeed, in some specimens catapleite is a characterizing rather than 
a minor accessory, forming large phenocrysts as well as anhedral 
grains in the groundmass along with eudialite. Rocks that carry many 
of these zirconium minerals are generally free from carbonates, and 
vice versa. Pectolite, which is secondary after eudialite and aegirite 
in most feldspathoidal syenites, is here a primary constituent and is 
often abundant. 

Syenites in which feldspathoids and potash feldspars are present 
in approximately equal amounts include most of those commonly 
classed as foyaites (Fig. 36A). In these rocks the nepheline is usually 
euhedral or subhedral and is enclosed poikilitically by soda orthoclase 
or microperthite. Many types contain much sodalite and analcite, and 
a few contain hauyne or nosean as well. Aegirine-augite is the prin¬ 
cipal mafic mineral in most specimens, but hornblende, biotite, or 
aegirite may predominate, and many varieties carry melanite garnet. 
Sphene, titaniferous ore, and apatite are always present as accessories. 
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figure 36. Feldspachoidal Syenites 

A. Nephcline syenite (foyaiic), Scrri dc Momhic|ue. Portugal. Diam. 3.5 mm. 
Acgirinc-augitc with <l.irker rims ol aegirine; brown biotitc; sphenc, apatite, 
.m«l iron ore. Large clear areas consist of nephcline; a little socialite (bottom 
ol section); the remainder is kaolinized pcrthitc. 

». Lite hiicldicc, Litchfield, Maine. Diam. 3 mm. Dark-green lepidomclanc; 
alhite (with strip twinning); microcline (with grid twinning); orthodasc (in 
single twins); nephcline (clear); and cancrinitc (stippled). 

C. Nephcline syenite porphyry. Ilot Springs. Arkansas. Diam. 3 mm. Euhcdral 
and rounded crystals ol nephelmc-. together with acgirinc-augitc and sphene. 
are enclosed poikilitically by crystals ot sanidine up to I ctn. across. 

Demerit (ancriniie and talcitc. in pan replacing nephcline. seem to 
Ik- particularly tominon in loyaites close to limestone contacts. 

In nephcline syenite porphyries emplaced at shallow depths, as at 
Hot Spiings. Arkansas, the alkali feldspar is sanidine in the form of 
laigc poikilitu plates enclosing corroded grains ol nephelinc and 
prisms of aegirinc-atigite (Fig. 36C). 

A inilute syenites are especially common as late-formed streaks and 
veins Within sills of ctinanite and teschenite, though they also occur 
as disc rcte intrusive bodies. They are marked by interstitial analeitc 
and by large tablets ol anorthoc lase, many of which are bordered by 
ortlicK lasc. I bey also c ontain anortboc lase as irregular grains in the 
ground mass, along with laths of plagioc lase that range in composition 

,n la, f ,radon,c lo oli R <Klase - Slender prisms of grayish-violet titan- 
■'ugite. I ringed with green aegirite, predominate among the mafic 
(onstitiients; less common are arfvedsonite and barkevikite. Ilmeniic 
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and apatite are always abundant. Some of the characterizing mineral, 
analcite, developed during the magmatic stage while aegirite rims 
were forming round the titanaugites; some developed during the 
deuteric stage, along with calcite and zeolites, and partly replaced 
the plagioclase. In the Terlingua-Solitario region of Texas, where 
rocks of this kind are widespread, analcite is much more abundant 
in large intrusions emplaced at considerable depth than it is in 
smaller bodies intruded closer to the surface. 

Pseudoleucite syenites are relatively rare rocks. In an example 
from Magnet Cove, Arkansas, some of the grains of pseudoleucite, 
composed of orthoclase, nepheline, and zeolites, are as much as two 
inches in diameter and make up as much as a third of the bulk. The 
groundmass in which they lie consists of abundant euhedral nephe¬ 
line, melanite, diopside, aegirite, and a little orthoclase. A somewhat 
similar melanite-rich pseudoleucite syenite, known as borolanite, 
comes from Loch Assynt, Scotland, but this is devoid of pyroxenes 
and much richer in orthoclase than the Magnet Cove rock, and car¬ 
ries a good deal of green biotite. Fragments of syenite that actually 
contain fresh leucite are found among the blocks ejected from Vesu¬ 
vius. These have abundant sanidine and sodalite; the minor con¬ 
stituents are melanite, hornblende, augite, biotite, iron ore, apatite, 
and sphene. 
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The Grcmodbrite, Adamellite , 
and Granite Clans 


These three clans compose the group of a< id igneous rocks, though 
some members of the first are of intermediate composition. All 
contain at least 10 percent modal or normative quartz, and in all of 
them alkali feldspar makes up at least an eighth of the total feldspar 
content. According to the ratio of alkali feldspar to plagiot last* they 
are separable as follows: 


Trxturt 

Alkali j<ldipn 
> i < i total ftldipar 

Alkali ftldipar 
> 1 < I total ftldipar 

Alkali ftldipar 
> J total ftldipar 

Fine-grained 

Dacite 

Khyodacitc 

Rhyolite 

Coarser-grained 

Granodiorite 

a 

Adamellite 

nd their micro-varied 

Granite 

es 


Fine-grained Types 

Dacites, rhyodacites, and rhyolites vary in texture from holocrystal- 
line to holohyalinc. Pilotaxitic texture, characteristic of most an¬ 
desites, and intergranular texture, prevalent among basalts, are 
exceptional; ophitic texture is even more so. Glass-rich types, on the 
contrary, are much more common. Indeed, the commonest textures 
of these siliceous rocks are vitrophyric and hyalopilitic. For this 
reason we can often distinguish between them most readily by deter¬ 
mining the refractive indices of their glasses (Fig. 7). 

Many of these glassy rocks evolved from magmas whose compo¬ 
sition was close to that of eutectic mixtures of quartz and alkali feld¬ 
spar. Magmas of this kind, at temperatures near the eutectic point, 
tend to be extremely viscous, so that crystallization is prevented or 
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greatly impeded. Rapid chilling often produces rocks formed wholly 
or almost wholly of glass. These are called obsidians if they contain 
less than about 1 percent water; if they carry water up to a few 
percent and have abundant perlitic cracks, they are known as per¬ 
lites; glasses with still more water (up to about 10 percent) and with 
a dull, resinous luster in hand specimens are termed pitchstones. 

The reasons for the wide variation in the water content of these 
glasses arc not fully understood. When a siliceous magma is erupted 
at the surface or intruded at shallow depths, it usually has a tem¬ 
perature lying between about 600° and 850° C., and can hold only 
a little water in solution. That is why many such magmas chill to 
produce obsidian. But magmas that form perlites and pitchstones 
take up additional water by absorption as they cool. In some in¬ 
stances they imbibe water vapor from wet sediments or from lakes 
and seas into which they are discharged, just as hot basaltic glass is 
hydrated to palagonite. Generally, however, perlites and pitchstones 
are intimately mingled, as lenses and irregular streaks, within holo- 
crystalline lavas, presumably because they formed from fractions of 
quickly vitrified magma that absorbed water vapor expelled from 
the more slowly cooled, holocrystalline fractions. 

Here a word of caution must be inserted concerning the chemical 
composition of glassy rocks. It is often assumed that glasses, because 
they form by rapid chilling, indicate better than other igneous rocks 
the composition of the original magma, and in most instances the 
assumption appears to be valid. Some glasses, however, are modified 
in composition as they cool. In the selvages of a rhyolite dike in 
Iceland, for example, there are phenocrysts of anorthoclase which 
cannot have crystallized from a melt with the composition of the 
surrounding glass. Apparently the glass not only absorbed water 
expelled from the more slowly cooled felsitic core of the dike, but 
was also enriched in potash at the expense of soda. 

Fluidal banding is a conspicuous feature of many glassy rocks. 
Sometimes it is accentuated by red and brown oxidized streaks 
formed by streaming of volatiles into minute tension cracks diagonal 
to the Huidal lamination, and occasionally these cracks are lined with 
dusty hematite. But fluidal banding is most commonly revealed by 
curving trains of microlites (Fig. IB) and by alteration of glassy and 
finely crystalline layers. Some of the several kinds of microlites and 
crystallites to be seen in glasses are shown in Figures 1, 37A, and 39A. 

All glasses tend to devitrify. Crystallization may begin along per- 
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litic cracks or around phenocrysts; ultimately all the glass may be 
converted to micro* and crypto-crystalline, felsitic aggregates con¬ 
sisting mainly of quartz or tridymite and orthoclase, sanidine, or 
sodic plagioclase. If these aggregates have a granular texture, they 
produce a pepper-and-salt appearance when viewed through crossed 
nicols. If, on the other hand, the aggregates have a poikilitic texture, 
randomly oriented granules of feldspar being enclosed by anhedra 
of quartz, a “patchy polarization results. Devitrification may also 
yield micrographic intergrowths or secondary spherulites which may 
be distinguished from primary ones by the fact that color bands 
and streams of microlites pass uninterruptedly through them instead 
of being deflected. 

Dacites 

These arc, approximately, the fine-grained equivalents of grano- 
dioritcs, though the boundary between dacites and andesites is at a 
slightly higher silica percentage than that between granodiorites anti 
diorites. They are illustrated in Figures .'17 and 38. 

Most dacites carry phenocrysts of plagioclase, quartz, orthoclase, 
or sanidine, and generally fewer of pyroxene, hornblende, or biotite. 
I he groundmass is usually glassy, hyalopilitic, or felsitic. If the glass 
has a refractive index below 1.500 and makes up a third or more 
°l ‘he bulk, the rock may be expected to contain more than 10 
percent potential quartz. If, on the other hand, the groundmass is 
felsitic, the rock consists of an intimate mixture of quartz or tridy- 
mite with potash feldspar or a plagioclase more sodic than that com¬ 
posing the phenocrysts, or with both. 

Plagioclase phenocrysts may range in composition from labrador- 
He or. rarely, even hytownite to oligoclase, but most of them consist 
<»l basic andesine and acid labradorite. The average composition, 
however, of all the plagioclase, both porphyritic and microlithic, is 
at least as sodic as Ab,Ani. Normal, reverse, and oscillatory zoning 
are prevalent in the larger crystals, many of which may be spongy 
because charged with blebs of glass. Jackets of potash feldspar arc not 
uncommon. 

Phenocrysts of quartz, of the a or ^ variety, may be present as 
deeply embayed bipyramidal crystals; phenocrysts of orthoclase or 
sanidine are seldom as numerous as those of plagioclase and may 
be lacking. Mafic minerals are almost invariably porphyritic. I)iop- 
s, ‘hc augite and hypersthene generall) predominate, but lamellar 
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Figure 37. Dacite* 

A. llyalod.uitc, near Lassen Peak. California. Diam. 3 mm. Phenocrysts of glass- 
< hargccl, zoned andesinc. quartz, green hornblende, biotite, and hypersthene, 
in a glassy groundmass stippled with crystallites. 

B. Basic inclusion in dacite, Lassen Peak. California. Diam. 3 mm. Laths of 
labradorite and calcic andesinc. and prisms of reddish-brown oxyhornblende 
largely replaced by magnetite and hematite. Interstitial colorless glass and 
cristobalite; some of the latter also occurs in spheroids. 

C. Pumiceous dacite obsidian. Rock Mesa, near Three Sisters, Oregon Cascades. 
Diam. 2 mm. Microphcnocrysts of hypersthene and corroded, glass-charged 
andesinc, in a matrix of colorless vesicular glass. 

intergrowths of these minerals, such as are common in slowly cooled, 
coarse-grained, intrusive rocks, are quite exceptional. In rocks tran¬ 
sitional to rhyodacites, hornblende and biotite may be the chief or 
only mafic constituents, but it is only in rapidly chilled, glass-rich 
clacites that these minerals are fresh; in hoiocrystalline rocks they 
are partly or wholly replaced by granular ores and pyroxenes be¬ 
cause they arc unstable under surface conditions at high tempera¬ 
tures. The lava forming the plug-dome of I-assen Peak, California, 
is a hornblende-biotite dacite, whereas the lava of 1915, which was 
extruded into the summit crater from shallow depth, is a pyroxene 
dacite though identical in chemical composition. In a few dacites 
the phenocrysts of hornblende have cores of cummingtonite. Olivine, 
usually fayalite, is only occasionally a constituent of dacitcs. either 
associated with patches of tridymite or as reaction rims around 
hypersthene. It appears to be produced under the influence of hy¬ 
drous residual solutions or vapors rich in iron and silica. Where 
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Figure 38. Rhyolite and Dacites 

A. Rhyolite, Climax, Colorado. Diam. *1 mm. Phenocrysts of quart/, orthoclase, 
oligodase, and biotitc, in a drvitrihed, rryptofehitic base stippled with 
minute flakes of white mica, larger, spongy granules of topaz, and (lower 
right) grains of lluoritc and pink garnet. 

H. Dacite, Sidewinder Mountain, near Barstow, California. Diam. 3 mm. Cor¬ 
roded phcnocryst of quartz; other phenocrysts of ande-sine and ol resorbed 
biotitc and hornblende. Ground mass composed chiefly of quartz and ortho 
clase (felsite). The feldspar is partly altered to scrkitcund kaolin; piedm/>n- 
tite clusters occur inside the porphyritic andesine; and smaller specks are 
visible inside the hornblende and biotile crystals as well as in the felsftfr 
groundmass. 

C. Tridymiic-rich hypersthene dacite. Crater Lake. Oregon. Diam. 3 mm. Pheno¬ 
crysts of hypersthene rimmed with magnetite and hematite resulting from 
fumarolic oxidation; also phenocrysts of andesine. Devitrified, cryptofelsitic 
groundmass stippled with hematite dust; irregular patches of tridymite with 
characteristic fail-shaped twins. 

magnesian olivines arc present in dacites, as they are near Clear Lake 
and Medicine Lake, California, they signify mingling of dacitic 
magma with more basic material. Minor accessory minerals, in addi¬ 
tion to the usual apatite and iron ores, may include garnet ai.d 
cordierite. 

Many dacites, particularly those found in steep-sided domes of 
Pc I can type, carry abundant basic inclusions. These are fragments 
torn from the walls of the feeding conduits and from the roofs of 
the underlying reservoirs, and they are characterized by lampro- 
phyric texture. Most of them consist of pyroxene prisms or slender 
crystals of oxyhornhlcndc and laths ol labradorite, arranged in a 
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criss-cross fashion, with interstitial glass and much tridymite or cris- 
tobalite of fumarolic origin (Fig. 37B). 

Rhyodacites 

A term essentially synonymous with this is “quartz latite.” Glassy 
varieties cannot be distinguished from rhyolites on the one hand or 
from dacites on the other except by means of chemical analyses or 
by measuring the refractive indices of the glass. Holocrystalline rhy¬ 
odacites can be distinguished from dacites because they contain more 
potash feldspar and their plagioclase phenocrysts are generally more 
sodic. Their dominant mafic minerals tend to be hornblende and 
biotite rather than pyroxenes. Some rhyodacites (e.g., in Victoria, 
Australia) contain almandine garnets which have rims of iron ore 
surrounded by orthoclase and albite-oligoclase. or else rims of bio¬ 
tite, apparently produced by reaction of magma with crystals of pla¬ 
gioclase and hypersthene. 

An example of a hybrid rhyodacite is found at Clear Lake, Cali¬ 
fornia. Sanidine is absent from the groundmass of this lava, but 
occurs as xenocrysts enveloped by oligoclase. and is accompanied by 
xenocrysts of quartz rimmed with diopside. Presumably these foreign 
crystals sank into the rhyodacite magma from an overlying rhyolitic 
liquid. 

Rhyolites 

Rhyolites may be divided into potassic and sodic types. In the 
former the chief mafic constituent is usually biotite, while in the 
latter it is soda-rich amphibole or pyroxene or both, and the sodic 
rhyolites generally carry anorthoclase as one of their feldspars. In 
both types modal or normative quartz exceeds 10 percent by volume. 
Corroded bipyramidal phenocrysts of quartz are seldom lacking, and 
in holocrystalline rocks there is much granular quartz in the ground- 
mass. Tridymite and cristobalite are also widespread, and in many 
specimens there is abundant opal or chalcedony or both, lining pores 
or filling amygdules (Fig. 39B). 

In potash rhyolites, orthoclase or sanidine is the principal feld¬ 
spar, though it is usually more sodic than that found in granites. 
Microcline and perthite, which are abundant in granites, are ex¬ 
tremely rare in rhyolites. Occasionally, as in rhyolites from Yellow¬ 
stone and Skye, there may be ‘‘micropegmatite phenocrysts” of irreg¬ 
ular or rectangular outline, in which potash feldspar and quartz arc 
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graphically intergrown. Plagioclase is seldom a constituent of the 
groundmass; it usually torms zoned phcnocrysts of acid andesine or 
oligoclase. Among the mafic minerals, dark-brown, iron-rich biotite 
is the commonest; next in abundance are green and brownish-green 
hornblendes. In holocrystalline specimens, however, both of 
these mafics tend to be replaced by gTanulai ore and pyroxene. 
Green diopsidic augite is the typical p. rphvritic pyroxene; hyper- 
sthene is present only occasionally. Fayalite and. less often, ferrosilite 
and manganese garnet occur as linings o! litliophysae in a few rhyo¬ 
lites, usually accompanied by fumarolic tridymite, cristobalite, and 
hematite. In some specimens topaz, fluorite, and muscovite are to 
he seen (Fig. 38A), and tourmaline also is not uncommon in pneu- 
matolyzed rocks. Cordierite has been noted in some contaminated 
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Figure 39. Rhyolites 

A. Rhyolite piuhstonc, near Shoshone. California. Diam. 2.5 mm. Phcnocrysts 
of brownish green hornblende, and of andesine. in a base of banded glass 
showing pcrlitic cracks and abundant curved crystallites (trichites). 

B. Sphcrulitic biotite rhyolite. Apati. Hungary. Diam. 3 nun. Phcnocrysts of 
quartz, sanidine, andesine, and reddish-brown biotite in a microielsiiit and 
spherulitic groundmass containing amygdules of opal and radiating chalced¬ 
ony. 

C. Soda rhyolite (pantellerite), Santa Rosa. California. Diam. 2 mm. Phenocry-sts 
of sanidine. anonhoclase. corroded quartz, and deep brown cnigmatite. 
Groundmass of quartz and sanidine with needles and mosslike patches of 
arfvedsonitc. subordinate needles of aegirinc. and anhcdral specks of enig¬ 
matic. In other specimens from this locality the rhyolite contains abundant 
opal and tridymite lining pores. 
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rhyolites; and graphite, apparently produced by reaction between 
iron oxides and carbon dioxide, is another sporadic constituent. 
Minor accessories common to almost all rhyolites are zircon, sphene, 
and iron ores. 

The groundmass of potash rhyolites is generally glassy, felsitic, or 
spherulitic, and if crystalline consists of quartz or tridymite inter- 
grown with potash feldspar. Frequently, quartz- and feldspar-rich 
bands alternate, presumably owing to unequal concentration of vola¬ 
tiles in the original magma, the quartzose bands developing from 
gas-rich layers that crystallized after the drier, feldspathic streaks. 

Soda rhyolites are most readily distinguished by the presence of 
phenocrysts of soda feldspars—soda sanidine, anorthoclase, or albite. 
As in potash rhyolites, bipyramidal phenocrysts of quartz are usually 
present. The mafic constituents are chiefly sodic amphiboles and 
pyroxenes. Mafic phenocrysts, however, are exceptional and are gen¬ 
erally composed of either diopsidic or aegirine augite. The dark 
minerals are mostly restricted to the gToundmass, where they bear a 
pseudopoikilitic relationship to the porphyritic quartz and feldspar. 
Chief among them are clusters of acicular and fernlike aegirite, and 
moss-like, patchy aggregates of riebeckite, arfvedsonite, cossyrite, and 
enigmatite, many of which are partly altered to brownish clots of 
iron oxide. A typical soda rhyolite (pantellerite) is shown in Figure 
39C. 

The fine-grained hypabyssal equivalents of soda rhyolites include 
grorudite, quartz bostonite, and some paisanites. These may be re¬ 
lated to effusive rocks, occupying feeding fissures, or to plutonic 
rocks, occurring as aplite dikes. A typical grorudite contains about 
50 percent microcline-perthite and 25 percent quartz; the remainder, 
save for accessory sphene, ore, and apatite, is composed of aegirite 
± arfvedsonite. A representative paisanite from the type locality in 
Trans-Pecos Texas is composed of soda sanidine (70%), quartz 
(about 25%), riebeckite, arfvedsonite, apatite, and iron ore. Coarser- 
grained paisanites, such as that illustrated in Figure 42B, belong to 
the family of microgranites and are therefore discussed later. Quartz 
bostonite from the type locality in Essex County, Massachusetts, is 
composed principally of anorthoclase; quartz is next in order of 
abundance, then aegirite, arfvedsonite, apatite, and iron ore. 

Alteration of rhyolites generally begins in the groundmass and 
spreads to the phenocrysts. In the presence of acid solutions, the 
feldspars tend to be replaced by kaolinite, while alkaline solutions 
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may produce beidellite, montmorillonite, and sericite, sometimes 
attended by pyrite. In hot-spring and fumarolic areas, such as Yel¬ 
lowstone Park, tridymite, secondary quartz, and alkali feldspar may 
develop by alteration of the groundmass, or the rhyolites may be 
extensively converted to mixtures of opal, clay, and alunite. Mafic 
minerals usually change to chlorite and iron ores. 

Medium- and Coarse-grained Types 

Granodiorites, adamellites, and granites are the most abundant of all 
plutonic rocks. They form the bulk of most of the world s batholiths 
in orogenic belts, where, as we have noted already, some of them 
may have been produced by a process of **granitization." involving 
metasomatic replacement of pre-existing materials. But rocks of sim¬ 
ilar texture and mineral content are found in smaller intrusive 
masses, such as stocks and ring dikes in volcanic regions; most or all 
of these must be magmatic rather than metasomatic in origin. No 
matter how they were formed, all are hypidiomorphic-granular rocks 
containing at least 10 percent quartz, and almost all arc of acid com¬ 
position. 

Granodiorites 

Much of the huge Sierra Nevada composite batholith of California 
is granodiorite (Fig. 40B). In fact, its prevalence there was what led 
Lindgren to introduce the name granodiorite for rocks intermediate 
between adamellite (quartz monzonite) and quartz diorite. Accord¬ 
ing to him, the average granodiorite has the following content 
(weight percentages): acid andesinc, 40; quartz, 21; orthoclasc, 18; 
hornblende. 17; accessory biotite. ore. apatite, and sphene, 4. In 
many granodiorites, however, biotite is about as abundant as horn¬ 
blende, and in some it may be even more abundant. Augite may 

also be present in minor amount. 

The plagioclase crystals in granodiorites are generally euhedral or 
subhedral except where orthoclasc is rare, and some of them are 
partly or wholly enclosed by orthoclasc. Normal zoning is common, 
from cores approximating An M to rims of about An 2 s- The ortho- 
clase seldom forms phenocrysts and is perthitic more often than in 
quartz diorites, but less so than in granites and syenites, and it may 
be accompanied or proxied by microcline. 

The central parts of large granodiorite plutons exhibit little or 
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Figure 40. Granite and Granodiorites 

A. Biotile granite. Conway, New Hampshire. Diam. S mm. The feldspars are 
mtcroperthtte. soda orthoclase, and highly sericitired oligoclase; quaru is 
anhcdral. Dark, m.nerals are biotite, allanitc, and a little iron ore. Two 
crystals of apatite near center. 

B. Hornblende-biotite granodiorite. Yosemite, California. Diam. 3 mm. Approxi¬ 
mately half the rock consists of normally zoned plagioclase (An B0 20 ), and a 
quarter of quartz. The remainder is composed of perthite, hornblende, and 
biotite, with accessory iron ore. 

C. Basic inclusion in granodiorite from the same locality. Diam. 3 mm. Richer 
m hornblende, biotite, plagioclase, sphene, and apatite, but poorer in quartz 
and potash feldspar than the enclosing rock. 

no structure, but toward the margins planar banding and linear 
orientation of minerals become increasingly pronounced and mafic 
schlieren and basic inclusions often become abundant. Some of these 
inclusions are autoliths—that is. segregations of early-formed min¬ 
erals; others are reconstituted xenoliths. They consist of the same 
minerals as the enclosing granodiorite, but in different proportions; 
in particular, their content of mafic minerals, plagioclase, apatite, 
sphene, and magnetite tends to be higher (Fig. 40C). 

The Colville batholith in the State of Washington is a particu¬ 
larly good example of a granodiorite pluton deformed during em¬ 
placement. The structureless core is surrounded by a belt marked- 
by intricate swirling of the foliation planes. Around this lies a pe¬ 
ripheral belt of gneissoid granodiorite characterized by intense gran¬ 
ulation of its constituent minerals. Over broad areas, indeed, these 
peripheral rocks are so thoroughly crushed as to be mylonites. The 
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first stages of crushing are shown by undulatory extinction in quartz 
and feldspar, and by microshearing and rounding of crystal borders 
by granulation. In more advanced stages, many plienocrysts of potash 
feldspar become lenticular augen surrounded by comminuted debris, 
and some are cracked and bent. Even so, fine-grained aggregates 
devoid of clastic texture wander irregularly between the large, 
crushed crystals. Clearly, these undeformed aggregates were formed 
by residual solutions after deformation had come to an end. In other 
words, the mylonitized border rocks were produced, not by tectonic 
forces following complete solidification, but while the pluton was 
still ascending and while a small fraction of the granodiorite magma 
still remained liquid. For that reason the textures of the border 
rocks are properly called protoclastic rather than cataclastic. 

Although some of the granophyres in the famous Skaergaard in¬ 
trusion of Greenland are of granitic composition, others are basic 
granophyres belonging to the Granodiorite Clan. About two-fifths 
of a typical sample consists of zoned plagioclase that passes margin¬ 
ally into cloudy potassic leldspar intergrown with quartz as micro¬ 
pegmatite. Hedenbergite. the chief mafic mineral, is accompanied 
by a little hornblende and iron-rich olivine. Iron ore forms compact 
masses and acicular webs of early growth and also occurs as a lale 
constituent intergrown with quartz and chlorite or stilpnomelane. 

Adamellites 


These quartz monzonites differ from granodiorites chiefly in con¬ 
taining more alkali feldspar. Bioti.e is usually more abundant and 
hornblende correspondingly less abundant; and the plagioclase is 
mostly oligoclase rather than andesine. Muscovite, as in granodi- 
orites, is exceptional. 


The well-known and often misnamed "Shap Granite” of Westmor¬ 
land, England, is a good example of adamellite (Fig. 34C) Large 
pink plienocrysts of orthoclase make up about a third of the bulk- 
white oligoclase forms another third, and quartz about a quarter’ 
The chief mafic mineral is biotite; then follosvs hornblende. Zircon' 

Hire' of T ° r n S ** n ° rmal “ ics - A" interesting fea^ 
ture of this adamellite, especially in its early basic phases, is the 

presence of oligoclase mantles around some of the orthoclase pheno- 

crysts. The resultant rapakivi texture is attributed to basifkation 

of partly crystallized magma by assimila.ion of andesitic wall rocks 
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Granites 

Textures of granites. Most granites are hypidiomorphic-granular 
rocks; the mafic minerals and plagioclase tend to be euhedral, while 
most of the alkali feldspar is subhedral, and quartz occupies irreg¬ 
ular interspaces. Other granites are porphyritic, containing large 
phenocrysts of alkali feldspar, or porphyroblasts of the same formed 
by metasomatism. In still other granites, particularly microgranites, 
phenocrysts of quartz may also be present. 

The cores of many granite plutons show little or no preferred 
orientation of the constituent minerals. But near the margins there 
is often a marked tendency for elongated minerals to be aligned with 
their major axes more or less parallel, so as to produce a distinct 
lineation. In addition, mafic and felsic streaks tend to alternate, and 
tabular, platy, and discoid basic inclusions accentuate a planar 
banding. 

A few granites have an orbicular texture; they contain ovoid 
bodies, often several inches and sometimes several feet across, made 
up of concentric shells alternately rich in dark and light minerals. 
Such bodies are presumed to have developed by rhythmic crystalliza¬ 
tion around foreign fragments. In other granites, ovoid phenocrysts 
of alkali feldspar are encased by shells of oligoclase to produce the 
rapakivi texture already mentioned. In some instances, as we have 
noted, this phenomenon results from assimilation of more basic 
material by acidic magma. In the Dartmoor granite of Cornwall, for 
example, this texture is restricted to hybrid facies; in the near-by 
Bodmin Moor and St. Austell granites, also, it is best developed in 
contaminated rocks carrying andalusite and cordierite; and likewise 
in the granites of Jersey and Brittany it is commonest in basified 
portions. In other instances, however, the rapakivi texture seems to 
result from simultaneous crystallization of alkali feldspar and pla- 
gioclasc under the influence of volatiles; and in still others the oligo¬ 
clase mantles may have been derived by migration of sodic material, 
unmixed in the formation of perthite, into fracture zones in granites. 

In graphic granites and granophyres the characteristic texture is a 
cuneiform intergrowth of quartz and potash feldspar, usually micro- 
cline or microcline-perthite. Most rocks of this kind contain less 
quartz than ordinary granites, and their composition approximates 
closely to that of a eutectic mixture of quartz and potash feldspar. 
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their graphic texture is therefore often attributed to simultaneous 
crystallization of these two minerals. It has been suggested also that 
the texture is favored by rapid crystallization from a viscous melt. 
But there is good reason for supposing that most graphic textures 
are caused by replacement of massive microcline by quartz or by 
quartz and albite or muscovite. If phenocrysts of quartz are encased 
with graphic frets, the quartz in the frets is optically continuous with 
that of the phenocrysts; if. on the other hand, the frets envelop 
phenocrysts of alkali feldspar, it is the feldspars that share optical 
continuity. 

Minerals of granites. More than two-thirds of the feldspar in 
granites is alkali feldspar. Granitic magmas poor in lime precipitate 
only one kind of feldspar during most of their crystallization. But 
from magmas with an appreciable content of lime, both plagioclase 
and potash feldspar crystallize during the early stages; subsequently, 
cores of plagioclase may become rimmed with perthite or anortho- 
clase. During the final stages of crystallization, concentration of vola¬ 
tiles may cause simultaneous formation of orthoclase and plagioclase 
even in lime-poor granites. In that event some cores ol alkali leldspai 
may develop rims of plagioclase while other cores are encased by 
potash-rich feldspar. 

In granites, as in syenites, unmixing of initially soda-rich feldspars 
leads to widespread formation of perthites—especially in alkali 
granites. The presence of lime permits two feldspars to coexist at 
high temperatures; perthites arc therefore much less abundant in 
quartz diorites and granodiorites than they are in granites. Auto- 
metamorphism, aided by slow cooling, and post-consolidation 
regional or contact metamorphism promote unmixing of alkali 
feldspars. So does deformation. Where the quartz of micaceous, calc- 
alkaline granites shows no effects of strain, perthite is rare or absent; 
if the quartz is highly undulant but not much granulated, perthite 
may or may not be present; but if the quartz is extensively or en¬ 
tirely crushed, perthite is almost always abundant. 

The perthite and microclinc-perthite crystals in granites are mostly 
subhedral, but not uncommonly they form large phenocrysts or 
occur as porphyroblasts developed by mctasomatic replacement of the 
groundmass. In any event, the perthitic intergrowths are often ren¬ 
dered conspicuous under the microscope in ordinary light by selec¬ 
tive alteration of their potash and soda feldspars. For instance, the 
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Figure 41. Granites 


A Ta' Pla “ e "-, " Car DrCsden ’ *T- Diam - S —■ Composed 

r , ? , ° nhOC '“ e - o| ig°cbse. and quartz, with accessozymag. 

net tc, apatite sphene, and allanite. Note that some of the oligodase is 

is I : 11 .^ h ° rnbl '' ndc and o»hoclase. and, left of cemer, there 

■s a little myrmeki.e a. the contact between two orthoclase crystals. With 
decreasing quartz, the rock grades into syenite. 

“• g ; an :"- R^kporz. Maine. Diam. J mm. Euhedral and subhedral 

cry tals of m.crocline-perth.te; strained anhedral crystals of quartz. Two gen- 

nv Lr;/?'°T ' " in ,arge " akC$: lhe lutr in ra diating tufu occu- 

pying cracks and veins. The later biotite is darker and richer in iron and is 
associated with pncumatolytic fluorite. 

C ' ^H bCC KK C rf grani,C ' Quinc >' Massachusetts. Diam. J mm. Euhedral 
and subhedral crystals of microperthite. and anhedral quartz; dark constitu- 
ents are ncbeckite. acgirine. and allanite. 


potash feldspar may be altered to kaolin, milky by reflected light 
and pale buff by transmitted light, while the albite or oligoclase 
remains fresh or is changed in part to sericite. 

Anorthorlase is seldom present except in alkali granites, where it 
is usually attended by soda-rich mafic minerals. Albite. likewise, is 
common as discrete crystals in alkali granites, whereas the dominant 
plagtoclase of calcalkah granites is oligoclase, though cores as calcic 
as andesine may be observed. Almost invariably the discrete plagio- 
clase crystals are euhedral or nearly so. 

Myrmckite is not rare in granites, though less common than in 
adamellites and granodiorites. It is often accompanied by finger-like 
outgrowths from biotite into orthoclase and by graphic intergrowths 
of biotite and quartz. Its formation is to be ascribed, not to residual 
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solutions, but to reactions in the solid state, and some of it results 
from crystalloblastic development of biotite from potash feldspar, 
with consequent liberation of quartz and plagioclase. Myrmckite is 
therefore most abundant in granites contaminated by assimilation of 
basic materials, for such granites are almost invariably rich in biotite. 

Quartz makes up about 10—30 percent of most granites. Only in 
granophyres and a few microgranites does it form phenocrysts; nor¬ 
mally it is anhedral, occupying irregular spates between the other 
constituents, though even then one may sometimes detect a preferred 
orientation of the crystal axes. The quartz may contain gas or liquid 
inclusions; far more often it carries abundant dusty and acicular 
inclusions, as of rutile and apatite. Undulatory extinction resulting 
from strain is particularly prevalent in granites taken from the mar¬ 
ginal parts of plutons. 

In normal or calcalkali granites the characteristic mafic mineral is 
dark-brown biotite, the iron content of which tends to increase with 
the silica content of the enclosing rock. Inc fusions, of apatite, zircon, 
allanite, and iron ore, are common, and around those that arc radio¬ 
active, especially zircon, there may be pleoc hroic haloes. The typical 
alteration of biotite is to chlorite and granular sphcnc. 

Muscovite and lithium micas are commonest in highly siliceous 
granites, in those altered by pneumatolysis, and in granite aplites 
and pegmatites. 

In calcalkali granites the usual amphibole is green hornblende in 
stout subhedral prisms. It generally increases in amount at the ex¬ 
pense of biotite as the content of plagioclase increases. In alkali 
granites, on the other hand, the typical amphiboles arc hastingsite, 
riebeckite, and arfvcdsonite, and these are usually anhedral. 

Pyroxenes are rare in calcalkali granites, and most of them are 
rehc cores of diopsidic: augite enclosed by reaction rims of horn¬ 
blende. In alkali granites, late-crystallizing aegirine-augite, aegirite, 
and acmite are common, as acicular crystals, as spongy aggregates 
partly enclosing quartz and feldspar, or filling angular interspaces. 
In some basic granophyres the pyroxene is hedenbergite, and in 
these and also in acid granophyres and pegmatites, there may be 
a httle iron-rich olivine. Enstatite and hypersthenc are to be found 
•n some potash granites, and they arc characteristic of granites be¬ 
longing to the so-called charnockite series. They occur in such rocks 
in India and Uganda, where they appear to have developed by altera- 
,0n wf am P h, bole and clmopyroxenc under the influence of phi- 
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tonic metamorphism. Further reference to these chamockitic rocks 
is made in the discussion of metamorphic rocks (p. 238). 

Accessory minerals always present in granites include apatite, 
sphene, zircon, and magnetite. The first three are usually more 
abundant in alkali than in calcalkali granites; and the first two are 
particularly abundant in granites contaminated by assimilation of 
basic rocks. Epidote, zoisite, clinozoisite, and allanite, though gen¬ 
erally secondary, may be primary constituents. In the granites of 
Victoria, Australia, allanite is especially common where abundant 
xenoliths and basic clots suggest contamination. 

Almandine garnet may be a pyrogenic constituent of some granites 
—for example, in the Dartmoor granite of Cornwall, where it forms 
graphic intergrowths in feldspar phenocrysts. More often the alman¬ 
dine is xenocrystic, being derived by dismemberment of metamor¬ 
phosed wall-rock fragments. In granite aplites and pegmatites the 
characteristic garnet is spessartite. ' 

Cordierite, like almandine, is partly pyrogenic and partly xeno¬ 
crystic. Some of it crystallizes directly from gTanitic magma that has 
been enriched in alumina by assimilation of argillaceous rocks; in 
some granites of Victoria, Australia, euhedral and subhedral crystals 
of cordierite, up to a centimeter in length, crystallized early and 
were then embayed by quartz and orthoclase. Cordierites in other 
rocks, especially those that carry inclusions of biotite, were derived 
from included fragments of contact hornfels. Whereas, in thermal 
metamorphism, sericite plus chlorite plus iron ore tends to yield 
cordierite plus biotite, the reverse reaction is likely to occur in 
magma under the influence of alkaline solutions; so most cordierite- 
bearing granites contain abundant dispersed chlorite and sericite. 

Andalusite and sillimanite are occasionally found in granites, par¬ 
ticularly in micaceous varieties, and in gTanite aplites and pegma¬ 
tites. In some instances they are of primary origin, having develope 
in magmas containing alumina in excess of the requirements o 
feldspar and mica. In fact, some andalusite crystals in granites have 
inclusions of corundum and are enclosed by rims of sericite, suggest¬ 
ing that highly aluminous solutions became progressively richer in 
silica and then in alkalies. Other granites contain andalusite and 
sillimanite that seem to be of pneumatolytic origin, for they are 
accompanied by tourmaline and topaz; in still others they are xeno- 
crysts derived from incorporated bits of aluminous hornfels. I ne 
spinels which occur sporadically in granites may likewise have been 
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formed by assimilation of aluminous xenolith*. In the Adirondacks, 
potash-rich magma, represented by biotite-magnetite-microcline gran¬ 
ite. was injected along foliation planes of quartz-biotite-plagioclase 
gneiss, with resultant formation of sillimanite-microcline granites 
in which large lenses and nodules of sillimanite and quartz are 
abundant. 

Varieties of granite. Most granites are peraluminous—that is, they 
contain alumina in molecular excess of the sum of potash, soda, and 
lime; the excess alumina enters chiefly into mica, less often into 


such minerals as tourmaline and topaz. Such micaceous varieties pre¬ 
ponderate among the granites of Cornwall, of New England, and of 
the Front Ranges of the Rocky Mountains. We need consider only 
three examples. About a third of the St. Austell granite of Cornwall 
consists of cpianz and another third of orthoclase, and plagioclase 
makes up about a fifth. Muscovite totals 5 percent, and so does bio- 
tite plus lithium mica. Other constituents include topaz, tourmaline, 
fluorite, magnetite, apatite, and cordierite. Flic Conway gTamte of 
New Hampshire contains about 70 percent nmroperthite and soda 
orthoclase, in subhcdral to-anhedral oblong grains, and 20 percent 
quartz; other constituents are oligoclase (chiefly as cores inside the 
alkali feldspars), biotile, and the usual accessories. The Pikes Peak 
granite of Colorado is characterized by large phenocrysts of red mi¬ 
cro! line in a matrix composed principally of quartz, oligoclase, and 
abundant biotite, with accessory allanite, sphene, apatite, magnetite. 


and fluorite. 

Following the mica gTanites in order of abundance are the metalu- 
minous types; some of these contain biotite accompanied by horn¬ 
blende or augitc or both; others contain no biotite. These rocks are 
generally somewl.at more basic and carry more plagioclase than the 
mica granites, so that many of them grade into adamellites. A few 
of them carry small amounts of orthopyroxene and fayalite. 

Subaluminous granites are rare. These lack hornblende and bio¬ 
tite or contain them only in very small amounts, their chief mafic 
minerals being ortho- and clino-pyroxenes, occasionally accompanied 
by a little olivine. The most familiar example is hypersthene gran¬ 
ite, the acid end-member of the charnockite series. A typical mode 
of such a rock from Madras. India, is as follows: microcline, 48; 
quartz. 40; oligoclase, 6; hypersthene, 3; magnetite, 2; biotite, 1. 
Further reference is made to charnockites on page 238 because then 
peculiar mineral content and textures suggest that they are partlv 
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l“ rph ' C 0r , igm ' Hy P erslhen e granites with 15-30 percent 
n U e :?, ;;“ 0r, K h0 ? la , Se and andesine « *eir feldspars also occur 
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Peralkaline granites are marked by amphiboles and pyroxenes rich 
S ° da and ‘ ron - a " d also by much albite or anonhoclLe ^ 

2ghW y variabi te - MaSSachusettS is a " ««»ent example, though 
' f .' y ' ar ‘ ab ' c ,n n,,neral con tent (Fig. 41C). In an average sample 
utle more than half consists of sodipotassic feldspar, mainly penh- 
1 . nd quartz makes up about a third. The mafic minerafs are 
eg.nte and riebeck.te; common accessories include apatite, sphene 

pcraTkalin" "t “““‘ ro 1 f h J rl,i,e - this granite is another’ 

which the T l by micr °P er 'hite, albite. and quartz, in 

a dcen hr 'k mafic /° ns,ituenls "e olive-green kataphorite 
K daru Hil.° W f N ^ S?" P eralkaline granites occur in the 
„ K f U ; " S °. f N,8Cna : These are m o«ly lcucogranites composed 
of soda-r.ch mu-roper,h.te (58%). quartz (38%), and riebeckite 

In 'l , S ° me 3 liU,C iron rich biotite and fayalite as 

" C .' In othcr Peralkaline granites, such as are found in the Oslo 
region Of Norway, the characteristic dark minerals are arfvedsonite 
and aegiritc. 

Some of these peralkaline granites carry fine-grained inclusions 


Figure 42. 
Granite Porphyry 
and Microgranite 



A. Spherulitic gTanite porphyry. Lake Brunner, New Zealand. Diam. 3 mm. 
Phenocrysts of quartz and soda orthoclase (latter not shown), in a graphic 
groundmass of the same two minerals accompanied by acicular riebeckite. 

B. Riebeckite microgranite (paisanite). Ailsa Craig, Scotland. Diam. 2 mm. Es¬ 
sentially composed of soda orthoclase with interstitial riebeckite and quartz. 
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A B C 

Figure 43. Porphyries 


A. Pneumatolyzed grarmc porphyry (clvan). Cornwall. England. Diam. 5 mm. 
Luhcdral phenocrysis of quartz and kaolinizcd prrthite in a microgranitic 
groundmass of the same minerals accompanied by abundant muscovite, topaz 
(near top), fluorite (right edge), and two generations of tourmaline. 


B. Granodioritc porphyry. Paiyenssu. northwestern Yunnan. China. Diam. 3 mm. 
Large crystals of quartz and calcic oligoclase. with smaller ones of horn¬ 
blende and biotite. in a matrix of quartz and alkali feldspar with accessory 
sphene and epidotc. This rock is presumed to Ik- a product of the "graniti/a- 
tion” of sandstone, some of the quart/ of the groundmass supposedly being 
rchc clastic grains, while the large "phcnocrysts" are regarded as porphyro- 
blasts. (P. Misch, Amer. Jour. Sci., vol. 247, pp. 385-385. 1049.) 


C. Hornblende dioritc porphyry. Carrizo Mountain laccolith, northeastern Ari¬ 
zona. Diam. 3 mm. Phenocrysis of andesine, partly altered to calcite and 
kaolm. and of green hornblende, some of which are twinned on the front 
pmacoid. The groundmass consists chiefly of microgTanular quartz and ortho- 
clase. but contains a few microlitcs of oligoclase and accessory grains of 
apatite and zircon. 


much richer in mafic minerals than the host rocks. The coarse 
aegirine-riebcckite granite of the Atlantic island of Rockall. for in¬ 
stance, has abundant, dark inc lusions of what is known as rockallite, 
whose constituents, in order of abundance, are dark-green aegirite. 
quartz, albite. and microcline. Rockallite, like many other soda rich 
igneous rocks, contains much zirconium, chiefly in the mineral elpi- 
ditc. v 

Microgranites and granopliyres differ little from granites extent 
in coarseness and texture. Some are porphyritic; their grain size, 
apart from the phenocrysis. generally ranges from 0.05 to 0.5 mm. 
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Many of them resemble rhyolites in texture, having phenocrysts of 
alkali feldspar and quartz in a microgranular matrix of the same 
stippled by mafic minerals. Others have a granophyric groundmass 
and phenocrysts of micropegmatite. A well-known riebeckite micro¬ 
granite, paisanite, is illustrated in Figure 42B. Granite porphyries 
are shown in Figures 42A and 43A. 

Finally, it should be noted that, while most microgranites and 
granophyres form discrete intrusions or border facies of granite 
plutons, many are to be found as schlieren and veins within layered 
intrusions of diabase and gabbro. 

Contaminated granites and granitization. Among the countless 
examples of reaction between granitic magma and wall rocks of dif¬ 
ferent composition, we select for illustration one from Lake Mana- 



A 


B 


C 


D 


Figure 44. Granite-Gabbro Reaction Series, Lake Manapouri, New Zealand 

A. Granite. Diam. 3 mm. Composed mainly of microcline-perthite, quartz, albite, 
and biotite. The dark clot is a gabbro relic now composed of biotite, sphenc- 
rimmed iron ore, and acicular apatite. 

B. Transitional rock. Diam. 3 mm. The constituents, in order of abundance, are 
oligoclase, biotite, orthodase, hornblende, quartz, sphene, apatite, cpidote, 
and iron ore. In this specimen most of the hornblende of the original gabbro 
has been replaced by biotite. 

C. Transitional rock, nearer the gabbro contact. Diam. 3 mm. Chiefly andesine- 
and hornblende, the latter in process of replacement by biotite. Iron ore 
partly replaced by sphene, abundant apatite, and a little quartz and cpidote. 

D. Mctagabbro. Diam. 3 mm. Least-altered material. Only difference from un¬ 
altered gabbro is the presence of a little introduced quartz. Bulk of rock 
consists of andesine and hornblende, with accessory epidote, sphene, senate, 
chlorite, and iron ore. 
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pouri, New Zealand (Fig. 44V Here the wall rocks are metagabbros 
that still retain a gabbroic texture and are composed chiefly of acid 
andesine, and green hornblende pseudomorphs after pyroxene. 
Quartz is a minor constituent, and biotite is present in even smaller 
amount. Apatite, iron ore, epidote, sericite, and chlorite make up 
the remainder. Progressive alteration of this rock is depicted in fig¬ 
ure 44BC. It involves change of andesine to oligoclase with resultant 
separation of epidote. replacement of hornblende by biotite, con¬ 
version of iron ore to sphene, formation of abundant apatite, intro¬ 
duction of quartz, and. in advanced stages, development of potash 
feldspar. These changes were brought about by introduction into 
the metagabbro of silica, alkalies, titanium, and phosphorus. The 
end product, represented by rocks within a few inches of the- granite 
contact and by xenoliths within the granite, is a dark, fine-grained 
rock like the parent metagabbro, but composed of minerals similar 
to those of the adjoining granite, though in very different propor¬ 
tions. The granite, also, has been affected by the contamination 
process. Its chief constituents are microclinc-perthue, albite, and 
quartz of magmatic origin. But in the contaminated zone so much 
potash has been withdrawn into the metagabbro to convert born- 
blende to biotite that the potash feldspar has become greatly subordi¬ 
nate to albite. Even at distances of several hundred yards from the 
contact, the dark constituents of the granite are mainly aggregates 
of biotite, granular sphene. and apatite, the texture of which indi¬ 
cates that they are microxenoliths derived from the metagabbro. 

On the island of Alderney, in the English Channel, a hornblende- 
biotite granite contains xenoliths of diabase that show various stages 
of alteration. The least-modified inclusions are fine-grained and con¬ 
sist of zoned laths of plagioclase (An a0 io). hornblende, biotite, mag¬ 
netite, and apatite. When these inclusions reacted with the granitic 
magma, more and more •phenocrysis." or porphyroblasts. of plagio- 
clase (An, 0 ), like those of the granite itself, were formed, and crystals 
of hornblende anti biotite became more numerous; at the same time 
the groundmass became coarser, and patches of quartz and micro peg¬ 
matite developed within it. At this stage the xenoliths had become 
clots of quartz diorite. By still further reaction the grain size of all 
the constituents increased until it was nearly the same as in the 
granite itself, then the inclusions scarcely differed from the enclos¬ 
ing rock except in containing somewhat more plagioclase, horn- 
blende, and biotiic. 
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Among the adjacent granites of Brittany there are fragments of 
older gabbro that also reveal all stages of replacement. The olivine, 
pyroxene, and calcic plagioclase of the gabbro were partly or wholly 
changed to later members of the reaction series then separating from 
the granitic magma—namely, hornblende, biotite, alkali feldspars, 
and quartz. When reaction was complete, all signs of the xenoliths 
had disappeared. 

At granite-limestone contacts, silica and alumina are withdrawn 
from the magma to convert calcite and dolomite to silicates such as 
diopside and grossularite. The contaminated granite may become 
diorrnc; t>r in some cases a marginal variant rich in potash feldspar 
and containing sodic pyroxene develops. 

Many of the dark, basic clots seen in granites are altered xeno¬ 
liths composed of the same minerals as the granites themselves 
though in different proportions. They tend to be richer in biotite 
and hornblende, and have more plagioclase and less potash feldspar, 
than the surrounding granites, and they usually contain more apa¬ 
tite, sphene. and magnetite. It should be stressed, however, that basic 
clots of similar composition may be, not reconstituted xenoliths, but 
autoliths formed by segregation of early-formed crystals from granitic 
magma. Inclusions characterized by a sugary or hornfelsic texture 
(see p. 178) may be considered without doubt to be xenoliths, gen¬ 
erally of sedimentary material, and granites that contain cordierite, 
sillimanite, and andalusite are usually produced by assimilation of 
aluminous wall rocks. 

Mention has been made already of the view that some granites 
result from metasomatic alteration of pre-existing rocks. Magmatic 
emanations may pervade solid rocks, reacting with their constituents 
to form minerals similar to those crystallizing from the magma. In 
this way the wall rocks may be reconstituted into mineral assem¬ 
blages identical with those formed by direct crystallization from 
the magma, so that it may be impossible to distinguish truly mag¬ 
matic from metasomatic granites. 

The clearest signs of this so-called process of granitization are to 
be seen in the field, where all transitions may be observed from 
unaltered to thoroughly recrystallized rocks. There are micaceous 
quartzites north of Lake Superior, for instance, that grade through 
quartz-feldspar-sericite banded gneiss into coarse gneiss which, with 
increasing content of large orthoclase crystals, ultimately becomes 
granite. Elsewhere, as fine-grained schisrs are traced toward granite 
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plutons, iheir texture and mineral composition change. First, large 
ragged crystals of potash feldspar develop at the expense of the schist 
matrix. Then these crystals become more numerous, their forms 
rend to become more nearly euhedral. and their inclusions diminish 
in number. At the same time, the surrounding material recrystallizes 
into coarser aggregates, so that the rocks are no longer schists but 
augen gneisses, by more thorough recrystallization these pass into 
porphyritic granites of hypidiomorphic-granular texture. 

Field transitions of metamorphic rocks into granite may be inter¬ 
preted m any of these three ways: (I) the entire body of granite 
may have formed by metasomatism of solid rock without the exist¬ 


ence at any stage of a granitic magma; (2) the granite may have 
crystallized from intrusive magma so that the transition zone around 
it was formed by reaction between the magma and its walls; (3) the 
granite may have crystallized from magma generated in place by 
partial melting of the country rock, the unfused portion of which 
is now represented by the metamorphic host. Some potrologists sub- 
s |ri >e to the first and third of these alternative hypotheses to explain 
the contact relations of most granites. Much more probably, how- 
cui, the contacts of most bodies of "younger granite"—emplaced 
| "ring the later stages of orogeny—are reaction zones ol the second 
type. Many migmatites associated with "older granites" -originating 
uring early stages ol orogeny—have originated, however, by partial 
melting of the host rocks, more or less in place. 

Unfortunately, although field evidence lor granitization may be 
unequivocal, evidence on a microscopic scale is difficult to evaluate, 
•»( ew clear-cut criteria for recognition have been established. 

. mong t ie granites of the Adirondacks, those of magmatic origin 
iau microperthite as their overwhelmingly preponderant feldspar, 
icreas in those formed by granitization the chief feldspar is micro- 
it °[ ° rlhoC,aSC - V!th on, V rarc microperthitic intergrowths. And 
(pertlVT" SUgg€Stcd lhal lhc presence of a single alkali feldspar 
orifrin'n | ,n alkaI ‘ graniles ,s a si " n °f magmatic parentage because 
from O y ‘° mo S eneous soda-potash feldspars ranging in composition 
at . b '° l ° ()rcoAb<0 <an exist under plutonic conditions only 

emperatures so high that a silicate melt would also be present. 

f ai ° ry ?on ' n S °f feldspars is certainly more common among 
roverJ mj ? gmat,c ori R in - although, as we have seen, normal and 

bv T ,ng arC far fr ° n ' rarC in h > ,,rid r<M ks developed partly 
• milauon. The presence in granites of euhedral crystals of pla 
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gioclase with complex twinning (especially combinations of Carls¬ 
bad, Manebach. and albite twins) suggests a magmatic rather than a 
metamorphic origin. The occurrence of irregular crystal boundaries 
and of abundant sieve textures is suggestive, though not conclusive, 
evidence of gTanitization. In early stages of the process, phenocrysts 
(porphyroblasts) of feldspar have extremely ragged boundaries and 
are crowded, particularly near the edges, with inclusions of un¬ 
replaced materials. The first mafic minerals to form are also spongy, 
but during later stages both they and the feldspars become more 
nearly euhedral, and it is said that they may rid themselves com¬ 
pletely of inclusions so as to become indistinguishable from true 
igneous phenocrysts. Presumably, the hornblende crystals of granit- 
ized rocks should have simple prismatic habit, ragged ends, and no 
pinacoids, as they do in metamorphic rocks. 

It should be emphasized that the occurrence in granites of epidote, 
cordierite, sillimanite, kyanite, andalusite. and other minerals which 
are more characteristic of metamorphic than of igneous rocks is not 
necessarily a sign of granitization. Such “abnormal” constituents may 
as well signify contamination of granitic magma by assimilation and 
dismemberment of contact hornfelses. 

In conclusion, it must be noted that, according to some petrog* 
raphers, the gTain boundaries that determine the gTanitic texture 
typical of all acid plutonic rocks may develop during deuteric stages 
of consolidation. If, as we think probable, this is so, it is scarcely to 
be wondered at that textural criteria for distinguishing magmatic 
from metamorphic granites are still ambiguous. 

Deuteric alteration of granites. During post-magmatic stages of 
consolidation, many granites are altered by residual solutions and 
vapors that replace early constituents to produce minerals such as 
tourmaline, topaz, fluorite, muscovite, lithium mica, cassiterite, and 
wolframite. Some of the tourmaline in granites crystallized during 
the magmatic stage, along with high quartz, but certainly most of 
it developed later by attack of borofluoric emanations on feldspars, 
a process that was often facilitated by prior shattering of the pri¬ 
mary minerals. At the same time apatite, biotite, sphene, and il- 
menite were partly or wholly destroyed, and their constituent ele¬ 
ments contributed to the formation of more tourmaline and of 
anatase and brookite. 

No tourmalinized granite is better known than the luxullianite 
of St. Austell, Cornwall, illustrated in Figure 45A. Here one sees 
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Figure 45. Pneumatolyzed Granite* 

A. Luxullianite, Cornwall. England. Diain. 3 nun Clusters of radiating bluish- 
green tourmaline needles, some of them bordering .1 corroded phcnocryst 
of primary brown tourmaline. The remainder of the . A consists of micro- 
perthite and quartz, the latter invading the former. At the upper right are 
several tourmaline needles that terminate against .1 ghost boundary which 
marks the edge of a vanished quartz or feldspar crystal. 

B. Greisen, Gcyer, Erzgebirge. Germany. I)iani. 5 mm. Composed of topaz, 
lithium mica, and dusty quartz. 

C. Greisen, Crainsgill, Cumberland, England. Diani. 3 nun. Composed essen¬ 
tially of quartz and muscovite, with accessory rutile, apatite, and arseno- 
pyritc. The large flakes of muscovite are relics from the original granite; the 
plumose muscovite is secondary after orthoclasc; the minute, densely packed 
scales of muscovite are secondary after plagioclase. Other accessory minerals 
in this rock, not shown, are tourmaline and molvbtl-nite. 

two generations of tourmaline, an older yellow variety of primary 
magmatic origin, and a younger greenish variety forming conical 
and sphertilitit clusters of slender euhedral prisms. Many of these 
beautiful radiating aggregates ("tourmaline suns' ) grow from the 
edges ol feldspars; others are embedded in cpiartz mosaics. And in 
some instances the diverging rays end abruptly along straight lines 
in the quartz, wholly unrelated to the present quartz boundaries. 

I hese "ghost boundaries" of the tourmaline rays mark the faces of 
vanished crystals of feldspar and quartz. 

Development of tourmaline may be contemporaneous with that 
of topaz, cassiterite, and wolframite, or there may he an overlapping 
sequence, topaz forming first, then tourmaline, and the tin-tungsten 
minerals finally replac ing both. 
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Greisens (Fig. 45BC) are pneumatolyzed rocks that occur mainly 
near the margins of granite plutons. They form bands and vein-like 
bodies, a few inches or feet in width, with indefinite margins that 
grade into unaltered granite. They were doubtless formed by flow 
of mineralizing solutions or vapors through fissures. Most of them 
are almost pure quartz-mica rocks, the feldspars of the original gran¬ 
ites having been replaced completely by muscovite or lithium mica. 
Topaz is almost always present and occasionally may be the predomi¬ 
nant constituent. Accessory minerals include tourmaline, fluorite, 
apatite, rutile, cassiterite, and wolframite. 

Under yet other physical conditions pneumatolysis yields china 

1 lay by converting feldspar to kaolinite, muscovite, and quartz under 
the influence of carbon dioxide, fluorine, and boron. 

Acid aplites and pegmatites. Many granodiorites, adamellites, and 
granites, together with their walls, are cut by light-colored rocks 
richer in quartz, alkali feldspar, muscovite, and pncumatolytic min¬ 
erals than the associated plutons. These light-colored rocks develop 
from residual solutions of the magmas that produce the plutons they 
transect, and hence arc composed chiefly of the minerals that crystal¬ 
lized last, in the interstices of the parent bodies. Some of these rocks, 
the aplites, are characterized by an even grain size that rarely exceeds 

2 nun. and by allotriomorphic-granular or, occasionally, graphic tex¬ 
ture. In hand specimens they appear “sugary," or saccharoidal. Con¬ 
trasted with these are the pegmatites, which vary much more in 
texture and coarseness. Some are as fine-grained as aplites; most are 
coarser, and a few carry crystals several feet or even yards in length. 

Most aplite bodies are only a few inches or feet in width, but peg¬ 
matites range up to hundreds of yards across, and many are of 
extremely irregular outline. Most pegmatites, moreover, contain sym¬ 
metrical zones that differ in mineral composition, a feature seldom 
seen in aplites; and they are generally much richer in rare minerals. 
Yet the two rocks are found in intimate association, cutting each 
other or forming lenticular masses one within the other. Except for 
the greater abundance of pneumatolytic minerals in pegmatites, the 
rocks are essentially alike in content; but pegmatites vary more 
because of slower cooling, higher concentration of volatiles, and 
more extensive rccrystallization and replacement of older by younger 
minerals. Some coarse pegmatites, indeed, appear to have been pro¬ 
duced by replacement of fine-grained aplites. Both rocks may occupy 
sharply defined fractures, and both, but particularly pegmatites, may 
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I iRurc 46. Granite Pegmatites 


A. Garnetiforous fine-grained pegmatite, Pala, California, 
posed of spessartite, litliitim mica, albite, microcline, 
deep-blue tourmaline. 


Oiam. 2 mm. Com- 
quartz, and a little 


B. Tourmalin,, pegmatite. Pala. Cali.,,,,,,a. D.am. 2 mm. Large crystals of color- 
l«s clba.ee, scattered ,n a matrix cl lithium mica, albite. and quart*. 

C. Toumialini/cd pegmatite. Tuolumne Canyon. Yosemite, California. Dian. 

1 *r ,,K f t,y ' ,al | ,oncd bluc i-.urmal.ne; abundant granulated quart* 
.uni strained microcline; accessory muscovite and spessanite. 


lorn, replacement bodies with indefinite margins. In both, the 
effects ol strain and crushing arc usually exhibited by undulatory 
extinction of the quartz, by curvature and faulting of the twin 
lamellae ol the feldspars, by crumpling of the micas, and by granu- 
lation of crystal borders. 

As we have noted, most aplites and pegmatites are composed prin- 
C.pally of quartz, alkali feldspar (chiefly perthite, microcline-perth- 
■ «c, nucrohne, and sodic plagioclase). and muscovite. In aplites the 
accessory mmerals include almandine and spessartite garnets, zircon 
ourmahne. topaz. Jep.dolue. spodumene. epidote. and allanite. Re- 
la emem of potash by soda feldspars, though less widespread than 
■ eg,names, .s not uncommon. For pegmatites, the list of acres- 

mT’forn “ ^ """I' The rCsidllal -'"--ns *>«■ caused 

I o in 'T R 'T V C " ,Khcd in Wa,er '“l™- fluorine, boron. 

• >lorme. and other volat.les. and were able to transport many other 

tTnandT ' °' 'c™""* V ° la,i ' e COm P° unds wifh them, Llt.d- 
„ n and tungsten. Some pegmatites therefore contain, in addition 

common aphttc mmerals already cited, such minerals as beryl 
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apatite, eudialite, amblygonite, fluorite, wolframite, cassiterite, co- 
lumbite, tantalite, and lithiophilite. Most of these are to be found 
in pegmatites transecting schists, gneisses, and quartzites, rather than 
in those cutting the parent plutons. 

In zoned granitic pegmatites the inward sequence of mineral 
zones usually includes some combination of the following: I, 
margins of plagioclase, quartz, and muscovite; 2, plagioclase, quartz; 
3, quartz, perthite, plagioclase ± muscovite or biotite or both; 4, 
perthite, quartz; 5, perthite, quartz, plagioclase, amblygonite, spodu- 
mene; 6, plagioclase, quartz, spodumene; 7, quartz, spodumene; 8, 
lepidolite, quartz; 9. quartz, microcline; 10, microcline, plagioclase, 
lithium mica, quartz; 11, quartz. In zones 1-3 the plagioclase gen¬ 
erally ranges from andesine to median albite; in zones 5-10 it is 
more sodic albite. Crystallization of the successive zones proceeded 
inward from the walls, and potash feldspars were generally replaced 
by sodic ones, with consequent formation of muscovite. Then garnets 
and tourmaline developed from the feldspars, and finally lithium 
minerals were produced. There are, however, many exceptions to 
this usual sequence; beryl, garnet, and tourmaline may crystallize 
early or by replacement of other minerals, or they may develop at 
various stages, and albite may crystallize before or after the lithium- 
bearing minerals. The borders of many pegmatites consist of graphic 
intergrowths of perthitic microcline and quartz, while the minerals 
of the interiors originated by their replacement. 

Andalusite, sillimanite, kyanite, and corundum are not uncom¬ 
mon in pegmatites, where they are believed to have been formed 
in part by primary crystallization from highly aluminous solutions, 
and in part by reaction with aluminous wall rocks and xenoliths. 
Occasionally the mineral content of pegmatites varies according to 
the character of the wall rocks, but far more often there is no corre¬ 
lation. 
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Pyroclastic rocks are the products of explosive volcanic eruptions. 
Ejected fragments more than 32 mm. across are referred to as bombs 
if they were partly or wholly molten when discharged, and as blocks 
if they were entirely solid. Fragments measuring between 4 and 32 
mm. in diameter are classed as lafjilli, no matter what their condi¬ 
tion on discharge; those of smaller diameter are termed ashes. 

By compaction and cementation these incoherent ejecta become 
rocks. Then those composed chiefly of bombs form agglomerates, and 
those consisting mainly of blocks produce volcanic breccias. Lithified 
ashes yield tuffs; those rich in lapilli yield la/nlli tuffs. 

The basis of most of the foregoing distinctions is size. But pyro¬ 
clastic ejecta may also be divided according to mode of origin. Thus 
all fresh magmatic ejecta arc grouped as essential, or juvenile; solid 
fragments of volcanic rock derived from the conduit and crater walls 
of an eruptive cone are termed accessory; and solid chips torn from 
the sub-volcanic basement, no matter whether igneous, metamorphic, 
or sedimentary, are called accidental. 

Ashes and tuffs may be distinguished further by their content of 
glass, crystals, and rock debris. Those composed mainly of glassy 
particles are known as vitric ash or tuff; those made up chiefly of 
crystals are designated crystal ash or tuff; and those in which acces¬ 
sory and accidental rock fragments predominate are termed lit hie 
ash or tuff (Figs. 47 and 48). 

It often happens that showers of pyroclastic ejecta fall into basins 
where normal sedimentation is going on, so that they are intimately 
mingled with day, silt, sand, and gravel. Mixed materials formed in 
this way are classed as ashy sediments if uncompacted, and as tuffa- 
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A BC 


Figure 47. Volcanic Ashes 

A. Andesitic crystal ash erupted from the volcano Santa Maria, Guatemala, in 
1902. Diam. 2 mm. Broken crystals of plagioclasc. dark-green hornblende, 
paler-green pyroxenes, rounded biotitc flakes, magnetite, and a few lithic 
chips of andesite. 

B. Dacitic vitric ash showing pumiccous texture. Diam. 2 mm. Product of the 
culminating explosions of Mount Mazama, which led to the formation of 
Crater Lake, Oregon. Shredded and cellular bits of pumiccous glass accom 
panied by fewer broken chips of plagioclasc and small prisms of hypersthene. 

C. Basaltic ash (Pele's Hair). Kilauea, Hawaii. Diam. 2 mm. Threads of brown 
basaltic glass containing bubbles of gas. Material discharged by lava foun¬ 
tains in the form of spray. 


ceous sedimentary rocks if lithified. Mingling of pyroclastic and 
sedimentary materials may also result from erosion and redeposition, 
for incoherent fragmental ejecta are especially amenable to transport 
by wind and water, and. of course, solid pyroclastic rocks and lavas 
may also be redeposited either alone or in company with non- 
volcanic debris. Materials of this sort are referred to as volcanic clays, 
silts, sands, and gravels if they are still incoherent, or as volcanic 
mudstones, shales, siltstones, sandstones, and conglomerates if com¬ 
pacted. distinctions between them being made according to the size 
of the constituent fragments. But fuller discussion of these mixed 
deposits is deferred to Chapter 16. 

Many pyroclastic ejecta, particularly those derived from acid and 
intermediate magmas, reveal the effects of gravity sorting both by 
size and by composition. F.jecta generally become finer away from 
the eruptive vents, though exceptions to this rule may result from 



Figure IK. Tuffs 

A. Rhyolitic viiric tuff, Shasta Valley. California. Diain. 2 mm. Shows typical 
vii roe last ic texture. Arcuate share h of glass lie in a matrix of almost impal- 
|>ahle glass dust. 

Ji. Rhyolitic crystal tuff, Ftsch valley. Italy. Diain. 2 mill. Broken crystals «»l 
<|uart/ and sodic plagioclase, together with small Hakes of hiotite, in a matrix 
of glass dust and pumice fragments. 

C. Andesitic lilhic tuff, near Managua, Nicaragua. Diain. 2 mm. Fragments of 
various kinds of andesite predominate; Between th.se- lies a matrix made tip 
of plagioc last and pyroxene crystals and pale-brown glass dust. 


changes in wind velocity during transport and from differences in 
density of the flying particles, lor instance, large pieces of highly 
vesicular glass may accumulate as lar from the source as much 
smaller hits of dense, non-vcsi<ular glass. I-veil more important are 
differences in content of crystals and of viiric and lithic materials. 
Other things being ecjual, lilhic and crystal rich fragments fall near¬ 
est the source, while glassy fragments, especially if vesicular, tend to 
In- carried afar. Many pyroclastic clcj>osits, therefore, show an colian 
dilJrrmlialion whose effects compare closely with that produced by 
the settling of crystals in licp.id magma. Thus the products of a 
single ash fall may show graded bedding, the coarser, more crystal¬ 
line. and more basic materials and those richer in mafic minerals 
passing upward into finer materials richer in glass, feldspar, and 
quartz and therefore more siliceous in composition. Corresponding 
lateral transitions may often be observed as a layer of ash or tuff is 
followed away from the parent volc ano, l or these reasons it is usually 
difficult to determine the nature of the original magma from a 
single sample of pyroclastic rock. 
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Basic Ejecta 

Vitric Ash and Tuff 

Rapid effervescence and sudden chilling of magma, such as may 
take place during explosive eruptions, result in formation of glassy, 
vesicular bombs, lapilli, and ash. If the magma is particularly fluid, 
as it is in basaltic lava lakes of Kilauean type, bursting of bubbles 
may hurl out the liquid as a fine spray which cools quickly to form 
minute glassy pellets (Pete’s Tears) or delicate threads of glass 
(Pete’s Hair) like those illustrated in Figure 47C. Extreme vesicula- 
tion of fluid basaltic magma may also produce foam-like glass, com¬ 
monly spoken of as thread-lace scoria or reticulite, in which the vesi¬ 
cles are enclosed by paper-thin walls of brown or black glass. Foam 
of this kind is found among the products of the spectacular lava 
fountains that usually play during the opening phases of Hawaiian 
eruptions. But it may also result from non-explosive activity, as froth 
on the crusts of fluid, gas-rich, pahoehoe lavas. 

Scoria and Cinders 

These names are applied to dark, glass-rich, vesicular lapilli and 
bombs of basic composition, although, as noted above, the former 
name is also employed to designate the highly inflated crusts of basic 
lavas. 

Palagonite Ash and Tuff 

These materials are among the most voluminous and widespread 
of all basic pyroclastic deposits. They consist chiefly of basic glass 
hydrated while still hot by contact with water vapor. Nowhere are 
they more abundant than in Iceland, where most of them developed 
during eruptions onto or beneath glaciers. They arc also prevalent 
among the products of submarine volcanic eruptions and of basaltic 
volcanoes in regions of copious groundwater. The original basaltic 
glass (sideromelane) usually varies in color from olive buff to deep 
brown or almost black, and its refractive index, like that of most 
basic glasses, is well above that of Canada balsam. Palagonite, on the 
other hand, is generally yellow or orange, and its refractive index is 
almost invariably below 1.54, diminishing as the content of water 
increases. Most palagonite ashes and tuffs contain crystals of plagio- 
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Figure 49. Basaltic Tulls 

A. Palagoniic luff. Oamaru. New Zealand. Diam. I mm. Fragments of palagonite. 
pair buff within and deep gold at the margins, including crystals of olivine 
and labradoriic. Between these fragments is a matrix of calcitc. 


B. Palagonite luff. Oahu. Hawaiian Islands. Diam. 1 mm. The cores of the 
vrsuular fragments consist of fresh pale-buff palagonite including crystals 
of olivine; the rims of the fragments are com,»osecl ol deep gold fibro palago- 
mte showing birefringence. Between the hagments is a matrix of zeolites. 

C. Hornblende basalt scoria, product of the last glowing avalanches from Mount 
Ma/ama (Crater l ake), Oregon. Diam. I mm. Phenociy.Ms of hornblende and 
labradoriic, embedded in extremely vesicular, brown tobl.uk basaltic glass. 


< r ' ase ; olivirK '- Pyroxene, and iron ore, and manv enclose amygdules 

filled with calcitc or zeolites (Fig. 49AB). 


Intermediate and Acid Ejecta 


Pyroclastic deposits falling under this caption are far more abun¬ 
dant than basic ones, principally because most siliceous magmas arc 
<ool,-r and more viscous than basic magmas, so that rapid expansion 
of bubbles lea,Is more readily disruption and consequent forma- 
non of cellular fragments of glass. 

Vitric Ash and Tuff 

Comminution due to effervescence of viscous magma generally 

bur t'ine | C, 7n vUrocl<u,ic *«*«« (Figs. 48A and MB 

bursting bubbles shatter the ejecta into curved splinters and pointed 
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chips with concave borders. If, on the other hand, the magma is 
inflated to foam and many bubbles fail to burst, the ejecta have a 
spongy or pumiceous texture. The vesicles in pumice are usually 
spherical, but they may be drawn out into closely packed, slender 
tubes, giving the fragments a fibrous appearance. Ultra-comminution 
yields almost impalpable glass dust that may be carried for thou¬ 
sands of miles. When lithified, such glass dusts form chinastone tuffs 
and flint-like rocks sometimes called porcellanites. 

Most vitric ashes are blown high above the eruptive vents to be 
dispersed afar by winds, and are generally cool or cold before they 
land. But some vitric ashes form by distension of magma in which 
the vapor tension is low, and these are commonly discharged as glow¬ 
ing avalanches that sweep rapidly downslope. The most widespread 
of these result from escape of foaming magma through swarms of 
fissures as a mixture of incandescent spray, droplets, and larger clots 
enveloped in hot, expanding gas. So mobile are these mixtures that 
they spread over vast areas, down even the gentlest gradients. Other 
glowing avalanches issue from the flanks of volcanic domes of Pelean 
type; still others originate when foaming magma is upheaved en 
masse until it spills over a crater rim and then, aided by gravity, 
races downward. Because these avalanche deposits accumulate rap¬ 
idly and usually to great thickness, many remain hot for a long 
time, especially in their central parts. As a result, the shards of glass, 
while still hot and under heavy overburden, are squeezed and flat¬ 
tened, and some are buckled between phenocrysts, as shown in Fig¬ 
ure 50C. At the same time pumiceous lapilli and bombs are de¬ 
formed to disks, some of them paper-thin, and all the constituents 
become firmly annealed. The rocks thus formed are called welded 
tuffs. They have a delicate, streaky lamination deceptively like the 
fluidal banding seen in many lavas. Besides, some of them develop 
columnar and spherulitic structures as they cool, so that their resem¬ 
blance to lavas is increased. Little wonder, therefore, that welded 
tuffs have often been wrongly identified. The fact is that they are 
now known to be of truly colossal extent in the circum-Pacific vol¬ 
canic regions, and they are undoubtedly widespread elsewhere. Fea¬ 
tures that aid in their recognition are the presence of relic vitroclas- 
tic textures, and transitions of welded material into more quickly 
cooled, undeformed, and less compact materials of obvious pyro¬ 
clastic origin, such as are to be found at the tops, bottoms, and sides 
of individual sheets of welded tuff (compare Fig. 50BC). 
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figure 50. Rhyolitic Pumice and Vitric Tuff 

A. Rhyolitic pumice. Lipari bland. Italy. Diam. 3 mm. Entirely composed of 
extremely vesicular glass. 

B. Vitric ,uff. near Bishop. California. Diam. 3 min. Specimen from the un¬ 
welded top of a glowing avalanche deposit. Phcnocrysts of quart* and sanidinc, 
in a matrix of undeformed glass shards and dust, with well-preserved vitro- 
clastic texture. 

Welded tuff, from same locality. Diam. 3 mm. Specimen from the welded 
interior portion of the same avalanche deposit. Constituents as in B. but here 
the glass shards are deformed and flattened. 


Sometimes line vitric ash lulls with rain and so forms spheroidal 
pellets, colloquially called "nmdballs" but better termed accretion- 
ury laftiUi or pisolites. Lithified deposits chiefly made up of such 
materials are < lasscd as f>isolitic lulls. 

I lie refractive indices of most intermediate glasses are slightly 
below 1.54; those of at id glasses are well below, and most siliceous 
rhyolites have indices of less than 1.50 (Fig. 7). 

Crystal Ash, Tuff, and Lapilli 

As noted already, the ejecta of a single eruption may be rich in 
crystals near the source and increasingly vitric at greater distances 
and individual beds may reveal an upward change from material 
rub m mafic minerals, through material rich in feldspar or quartz 
into almost purely glassy debris. .Many of the crystals are. as might 
be expected, cracked or broken into fragments, and some have glass 
adhering to their edges. Volcano™ may also blow out lapilli com- 
posed Wholly or mainly of crystals. Such crystal lapilli are derived 
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in some cases from the walls of conduits and roofs of the underlying 
magma chambers, and in other cases they may represent crystal clots 
already floating in the magma before it was erupted. Examples are 
the olivine and augite lapilli found among the ejecta of many basal¬ 
tic and andesitic volcanoes, the anorthoclase lapilli hurled from 
Mount Erebus in Antarctica, and the leucite lapilli sometimes blown 
from Vesuvius. 


Lithic Ejecta 

Most lithic ejecta are of the accessory type; that is, they consist of 
angular chips of already consolidated volcanic and dike rocks de¬ 
rived from the eruptive cones themselves. Other lithic ejecta are 
accidental fragments derived from the sub-volcanic basements, and 
these may consist of any kind of rock. Whether accessory or acci¬ 
dental, many lithic ejecta exhibit the effects of contact metamor¬ 
phism. Among the products of the 1924 steam-blast eruption of 
Kilauea, for instance, are fragments of plagioclase-hypersthene hom- 
fels formed by reheating of olivine-augite basalts that formed the 
conduit walls. The remarkably varied blocks found on the flanks of 
Monte Somma, Vesuvius, arc largely metamorphosed limestones and 
dolomites torn from the roof of the magma chamber. In other local¬ 
ities lithic fragments were partly vitrified before eruption. For in¬ 
stance, many lapilli and blocks of plutonic rocks blown from Parf- 
cutin volcano in Mexico contain vesicular glass formed mainly by 
melting of feldspar, and many sandstone fragments erupted from 
other volcanoes have been altered to buchites, in which most or all 
of the clastic feldspar has been changed to glass and the clastic grains 
of quartz have been partially dissolved. 

Alteration of Pyroclastic Rocks 

Pyroclastic deposits, particularly fine-grained ones, are readily altered 
because of their high porosity, the large surface area of their parti¬ 
cles, and the inherently unstable character of their glassy fragments. 
Their alteration may be due to mere surface weathering or may 
result from the influence of circulating groundwaters, but it is often 
especially intense and widespread in regions of hot-spring, fuma- 
rolic, and solfataric activity. 

In basic ashes and tuffs, alteration usually begins with devitrifica¬ 
tion of the glass to turbid, feebly birefringent, cryptocrystalline ma- 
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terial. If hot deuteric solutions have been active, the glass may be 
replaced by rhloritic substances or by chlorophacite, which is green¬ 
ish at first but rapidly oxidizes to a yellow and brown, and finally 
to a black, resinous material deceptively like pitch when seen with 
the naked eye. At the same time, chlorophaeite, serpentine, and 
chlorite may develop by breakdown of olivine and pyroxene, while 
calcic feldspars may alter to calcite, sericite. and various clay min¬ 
erals. Ordinary weathering of basic ejetta generally produces non- 
tronite from the glassy and mafic constituents, and calcite, halloy- 
site, and kaolinite from the feldspars. Much depends, of course, on 
the acidity or alkalinity of the groundwaters, but the end results of 
decay are often more or less ferruginous clays (bole and lateritc) 
and bauxitic clays with or without carbonates. 

Devitrification of glass is also the initial alteration of most acid 
and intermediate tuffs. In firmly welded tuffs or others of low poros¬ 
ity. glass may survive for a long time; indeed, examples are known 
of glassy tuffs of Cretaceous age. More commonly, however, devitrifi- 
cation takej place rapidly, and in the case of glowing-avalanche 
deposits it may occur while the ejecta are still hot and permeated 
by fumarolic gases. The glass of some welded tuffs has thus been 
changed to crypto- and micro-crystalline aggregates of tridymite and 
samdme or albite while pores have been lined with tridymite Cris¬ 
tobal ite. and hematite. In other vitric tuffs the glass has been re- 

p accd by dense felsmc mixtures of quartz and orthodasc or sodic 
plagioclase. 


Alteration of acid and intermediate glasses to opal and clay is 
widespread Opahzation is not very common except in hot-spring 
areas, but clay may be formed in any environment. In fact, one of 
the most familiar products of devitrification of vitric tuff is benton- 
lie a rock usually composed of montmorillonite, less often of bci- 
dellue. which preserves at least some of the original vitro, lastic 

oTffVa d W r" S ' Cadily in ‘° 3 Rcla,inous ™ss or crumbles 
d r" lar ^ eRa,fS When -oistened. The feldspars as 
well as the glass may be altered to clay or sericite, while the mafic 
constituents tend to be replaced by chlorite and iron oxides. 

are e^temiveW^ fi C , n ° ,ed " ,a ' ma " y ^ and inte "" edia * tuffs 
or ona fr ‘ ° W,ng *° d ^Posi.ion of quartz, chalcedony, 

O rlr lHs U am Wa ' erS C ; U, r ln dllri "S d ™‘"fica,ion 

In J i U ° nS SUCh and ass °ciated tuffaceous sedi- 
mentary rocks that most petrified wood is to be found 
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Metamorphism , Its 
Petrographic Criteria 
and Its Products 


Metamorphism 

Igneous rocks are composed of minerals that are stable at temper- 
atures of about 700-1,100” C„ at pressures within the range from 
1 to 10.000 atmospheres, and in contact with a magmatic liquid (a 
silicate-melt phase). The minerals associated in most igneous rocks 
were probably in a condition approximating to mutual chemical 
equilibrium at the time of crystallization. In the mineral assem¬ 
blages of common sedimentary rocks, on the other hand, such equi¬ 
librium as may be represented has been governed by low temperature 
and pressure. Minerals such as clay silicates, zeolites, chlorites, and 
carbonates, which are abundant in many sediments, are products of 
weathering and precipitation at or very near the earth s surface 
Even the quartz and feldspar of sandstones, though formed in the 
hrst place at high temperatures, must be stable at surface temper¬ 
atures in certain chemical environments; otherwise they could not 
have survived the sequence of low-temperature processes-weath- 

cring, transport, deposition, cementation, etc.—through which thev 
nave passed. 7 

All sedimentary and volcanic rocks (and many plutonics) now 
lying at depths of 3-20 kilometers must there be subject to physical 
conditions notably different from those under which they originated 
-namely, to temperatures of 100-600” C. and to pressures of a few 
housand atmospheres. Rocks that are so situated are not, initially at 

di,nn n ,u Stale ,- mer " al K > uiHbril,m - u »der favorable con- 
d tions they may adjust themselves mineralogically or structurally to 

the temperature and pressure of their situation. All such mineral- 
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ogical and structural changes, taking place in an essentially solid 
rock without the development of a silicate-melt phase, constitute 
rock metamorphism. Low-temperature metamorphism, of course, 
cannot be sharply distinguished from sedimentary diagenesis; the 
same or similar minerals (e.g., albite, quartz, zeolites, “chlorites," 
and carbonates) may be formed by both processes. And high-temper¬ 
ature metamorphism in the deeper levels of the crust grades, with 
the appearance of a newly melted granitic liquid phase, into the 
process of anatexis whereby primary magmas are generated. 

Current practice excludes from the scope of metamorphism such 
surface or near-surface phenomena as weathering and diagenesis 
(including cementation of sediments). Hydrothermal alteration of 
cooling igneous rocks (e.g., serpentinization of peridotites, kaolini- 
zation of granites, uralitization of gabbros), though it might logically 
be treated as a special phase of metamorphism (autometamorphism), 
is excluded here in order that we may limit the discussion of meta¬ 
morphism to an elementary level. 


Conditions Controlling Metamorphism 

When metamorphism has proceeded to completion (i.e., where a 
state of chemical equilibrium has been attained), the nature of the 
resultant mineral assemblage depends mainly upon two factors: (1) 
the chemical composition of the metamorphic rock, and (2) the 
temperature and pressure then prevailing. Changes in temperature 
are generally more effective than changes in pressure in bringing 
about mineralogical changes in most rocks. A mudstone, for example, 
is likely to be much more profoundly affected by a rise in temper¬ 
ature of a few hundred degrees than by an increase in pressure of a 
few thousand atmospheres. If, however, a gas is one of the principal 
products of a metamorphic reaction, as when carbon dioxide is 
being expelled during the alteration of a dolomitic limestone, pres¬ 
sure may be just as effective as temperature in determining the course 
of metamorphism. This probably applies also to reactions involving 
water at temperatures above 374° C. 

In considering the influence of pressure we must distinguish be¬ 
tween confining pressure (= hydrostatic pressure), operating equally 
in all directions and determined largely by depth, and directed pres¬ 
sure (= shear stress), operating in one particular direction. The 
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range of temperature over which some minerals are stable seems to 
be extended in rocks subject to high shear stress. Such minerals (e.g., 
chloritoid, staurolite, and kyanite) have been termed stress minerals. 
Other minerals ( anti-stress minerals) are seldom if ever found in 
rocks that have been strongly deformed under high shear stress. 
Cordierite, andalusite, and olivine are examples of this class. 

Chemical reaction between silicates in the lower range of meta- 
morphic temperatures is in most cases exceedingly slow. Some rocks 
may be subjected to metamorphic temperatures and pressures for 
millions of years without appreciable metamorphism, ns is shown 
y the relatively unaltered condition of many once deeply buried 
geosynclinal sandstones and mudstones. For metamorphism to be 
effective, especially at low temperatures, some catalytic influence 
wpable of accelerating chemical reaction appears to be necessary. 

I wo such accelerating factors are commonly effective: (I) chemically 
active fluids, usually aqueous, passing in waves through the minute 
intergranular spaces of the rock; (2) rock deformation, whereby 
grams arc broken down into smaller, more active particles and 
contacts between reacting surfaces are continuously renewed. 


Types of Metamorphism 


There are three situations in which metamorphic rocks are com- 
monly found; and three corresponding types of metamorphism are 
recognized on the basis of field criteria: 

(,') C ;"T' ,lcvH,, P <(1 in ™..es (aureoles) adia- 

. cm bod.es of Plutonic r,x ks, espccially those of acid composition 
Ure the temperature of metamorphism has been determined mainly 
by proximity ,0 the intrusive body of magma, which also supplied 

eacZ Ve r a<|, : eOUS ? ne<CSSary for ,he stimulation of chemical 
cactmn. Contact aureoles are rarely more than a few hundred fee. 

'w<U. as measured normal .0 the igneous contact. They are generally 

.oma t'Mor , | hCn,C,a, | n "T hic Crease outward from the 

’ H ( 7 " ,S,S " l,H U ' Sar<l b<Hli “ o( granite as products o. 

«Smic‘ ,U PrC tX,S " n!? S, ’ lid r,Kks - a ,or " , ° f mciatnorphism— 

ill roc'k ' ^ ' ^ 
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(2) Dislocation (= kinematic) metamorphism, developed in nar¬ 
row zones of intense deformation and dislocation, such as are found 
along the sole of a thrust. 

(3) Regional metamorphism, developed over areas of many thou¬ 
sand square miles in the root regions of fold mountains and in 
pre-Cambrian terranes. In any large region it is usually possible to 
map zones of progressive regional metamorphism on the basis of a 
sequence of mineralogical changes, presumably controlled by pro¬ 
gressive increase in temperature, in rocks of some selected chemical 
composition. In pelitic schists, for example, formed by regional 
metamorphism of mudstones, successive zones characterized respec¬ 
tively by chlorite, brown biotite, almandine garnet, kyanite, and 
sillimanite can be outlined on the map by determining in the field 
the points at which each of these minerals first appears with advanc¬ 
ing intensity or grade of metamorphism. The zonal boundaries, 
since they are lines of equal gTade of metamorphism, are termed 
isograds. In most cases they are essentially isothermals. In pelitic 
schists, for example, the almandine zone lies between the almandine 
isograd, which marks the first appearance of almandine, and the 
kyanite isograd, which marks the first appearance of kyanite. 

Current opinion is far from unanimous regarding the nature and 
causes of regional metamorphism or regarding its relations to large- 
scale deformation and to regional emplacement of bodies of granitic 
rock. It seems probable that in the depths below the crustal rocks 
of orogenic zones there have been periodic concentrations of heat, 
each of which has supplied the energy necessary for folding (orog¬ 
eny), regional metamorphism, and the uprise of granitic magma.* 
These activities are known in many cases to have been broadly con¬ 
temporaneous. The high temperatures required for regional meta¬ 
morphism are due primarily to depth within an abnormally heated 
sector of the earth's crust. Superposed on depth control is irregular 
upward displacement of isothermal surfaces along axes of contempo¬ 
raneous folding, where heat is supplied by bodies of granitic 
magma regionally injected into the folded rocks, and probably also 
by the rise of heated juvenile water. And since regional meta¬ 
morphism is commonly associated with folding movements, and the 
metamorphosed rocks commonly show textural evidence of strong 

• In this chapter we use the term "granitic” to include magmas and plutonic rocks of 
the acid class, ranging from granite proper to granodiorite and quartz dionte. 
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deformation, it is reasonable to conclude that rock deformation 
itself plays an important role in regional metamorphism. It is prob¬ 
ably an essential factor in accelerating reactions to the point where 
metamorphism can take place in the shallower zones of low-temper¬ 
ature metamorphism on the flanks of the metamorphic belt. In 
regional metamorphism, as in contact metamorphism, aqueous fluids 
not only accelerate conduction of heat but also do much to promote 
chemical reconstitution of the rocks through which they pass. A 
part of this activating fluid is probably rising from intrusive granitic 
magma or from partially fused rocks at the base of the crust. Another 
part, effective in the upper zones, is composed of water and carbon 
dioxide progressively expelled from shales, limestones, and sand 
stones that arc undergoing metamorphism farther down. 

Deep down in the terrane undergoing metamorphism, or wherever 
heat may locally become concentrated by processes that at best are 
but vaguely understood, streaks of gTanitic melt presumably develop 
by partial fusion of the metamorphic rocks. Whenever that happens, 
metamorphic and igneous processes merge. If the quantity of liquid 
phase becomes sufficiently gTcat, a large mass, part liquid, part crys¬ 
talline. may become mobile enough to move bodily as a magma. 
Other jp-amtic magmas, in a completely liquid state, may develop by 
squeezing away a melt phase from an unfused metamorphic residue. 
Migmatites rocks composed of a metamorphic host material 
streaked and veined with granite—occur on a regional scale in many 
areas of high-grade regional metamorphism. Many such rocks, espe¬ 
cially in pre-Cambrian terranes. probably represent the condition 
just described, the granitic streaks having been formed by partial 
fusion of the metamorphic host rocks. Other migmatites, especially 
in the vicinity of large intrusive bodies of granite, are the result of 
intimate injection of granitic liquid into adjoining metamorphic 
rocks. To such migmatites the term injection gneiss or arterite may 
be applied. In both types there is extensive reaction between liquid 
and solid components of the migmati.e as the liquid crystallizes as 

mo e r s ; 'c : hich ,h : boundarics be,ween ,hc ^ 2,: 

Tnd °. nS e K "l lgma,ile are likc, y ,0 indistinct 

and gradational. Such gradations have frequently been cited-per- 
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been gran,t,zed without intervention of a silicate-melt phase 

The general picture of metamorphism presented above is ten,a- 
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live, and it differs in some detail from some of those presented by 
other writers. It is offered as a possible working basis for interpreting 
the petrography of metamorphic rocks. 

Some Characteristics of the Fabric 
of Metamorphic Rocks 

Crystal Growth in a Solid Medium 

Students hitherto familiar only with the petrography of igneous 
rocks must realize at the outset that metamorphic textures differ 
completely in significance from certain igneous textures that they 
superficially resemble. This is so because the metamorphic fabric 
forms by growth of crystals, usually of several different mineral 
species, competing with one another for space, not in an enclosing 
melt, but in a continuously solid medium. The physical properties of 
crystalline solids—especially those relating to velocity of growth and 
to stability of boundary surfaces of individual grains—vary not only 
from one mineral to another, but from one direction to another 
within an individual crystal. These differences are responsible for the 
textural details of metamorphic fabric. Similar differences play a part 
also in forming igneous fabrics, but there they are overshadowed by 
the much greater physical difference between crystalline solids in 
general and the melt phase within which these solids have developed. 

Some of the more characteristic features of the metamorphic fabric 
are enumerated below, and their significance is briefly noted. 

The Crystalloblastic Series 

The term crystalloblastic has been applied to fabrics and textural 
relations resulting from growth of crystals during metamorphism. A 
grain of a metamorphic mineral bounded by its own crystal faces is 
termed idioblastic; a shapeless crystal grain is termed xenoblastic. 

It is possible to list metamorphic minerals in a generalized sequence 
—the crystalloblastic series (idioblastic order) —such that each tends 
to develop idioblastic surfaces against any other mineral placed 
lower in the series: 

Rutile, sphene, magnetite 

Tourmaline, kyanite, statirolite. garnet, andalusite 
Epidote, zoisite, forsterite 
Pyroxenes, amphiboles, wollastonitc 
Micas, chlorites, talc, stilpnomelane 
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Dolomite, calcite 
Scapolite, cordierite, feldspars 
Quartz 

There are exceptions to this general rule; for example, the sphene 
of chlorite schists commonly occurs in rounded drop-like grains in 
spite of its generally high position in the crystalloblastic scries. Vet 
the rule is consistent enough to afford valuable evidence as to 
whether certain rocks are metamorphic or igneous. A hornblende- 
plagioclase rock in which the plagioclase crystals are idiomorphic 
must certainly be of igneous origin—that is. must be a diorite or a 
uralitized gabbro, not a metamorphic amphibolite. Those who at¬ 
tribute granites to metasomatism of solid rock—a kind of meta- 
morphism must somehow explain why well-developed outlines are 
common in the plagioclase of granites and are never seen in the 
plagioclase of typical metamorphic rocks. As yet this fact has been 
explained satisfactorily only by assuming that at some stage during 

the evolution of granitic texture crystals are in contact with a silicate 
melt. 

The crystalloblastic series is obviously related in some way to the 
space-lattice structures of the minerals concerned. High in the scries 
stand orthosilicates charac terized by relatively dense packing of the 
component ions; then come silicates with chain, band, and sheet 
structures; and finally, low down in the series, come silicates having 
loosely packed open lattices of the three-dimensional type. The prop¬ 
erties of the lattice control the stability of the growing crystal faces. 

Porphyroblasts 

In many metamorphic rocks large crystals (porphyroblasts) of one 
or more minerals arc associated with much smaller grains of other 
minerals (Figs. 51 AC and 53AB). Since certain minerals (e.g., garnet, 
kyanite, staurolitc, andalusitc. cordierite. albitc) generally develop" 
as porphyroblasts. and since most of these arc high in the crystallo- 
blast.c series, it seems likely that the capacity of a mineral to attain 
large size depends at least partly on its space-Iattice structure. But 
other factors also play a part. In some cases (e.g., when porphyroblasts 
of microcl.ne developed in schists adjacent to granite) the deter¬ 
mining factor is availability of certain ions (in this case K + ) in pore 
solutions supplied from an external source (the granite). Such an 
explanation does not apply where porphyroblasts of a mineral (e ° 
nu.a, occur in a matrix that contains much smaller crystals of the 
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Figure 51 . Mctamorphic Textures 

A. Porphyroblascic tcxiurc in garnct-mica-quariz schist. Perthshire, Scotland. 
I)iatn. 5 mm. Porphyroblasts of garnet enclose curved trains of graphite in¬ 
clusions. the arrangement of which indicates clockwise rotation of the grow¬ 
ing porphyroblasts. 

B. Granoblastic texture in garnct-hypersthene-plagioclasc granulitc, Hartmanns- 
dorf, Saxony. Diam. 2 mm. The two largest crystals arc of almandine garnet. 

C. Poikiloblastic (sieve) texture in skarn. Doubtful Sound. New Zealand. Diam. 

1 nun. On the right, pink andradite garnet; on the left, part of a large crystal 
of epidote enclosing quartz and calcite. 

same mineral. Here the porphyroblasts and the small grains may 
have developed at different stages of metamorphism. 

Porphyroblasts frequently, but by no means always, tend to have 
idioblastic outlines; cordieritc and albite are notable exceptions. 
They tend also to be riddled with inclusions of other minerals that 
have become enveloped in the growing porphyroblast—to have sieve 
structure, or poikiloblastic structure or texture (Fig. 51C). As these 
inclusions have persisted from a pre-metamorphic or early metamor- 
phic stage of the rock's history, they may yield interesting evidence 
of the course of metamorphism. Care must be taken, however, to 
distinguish these from inclusions of late origin—of mica, for exam¬ 
ple. formed by hydrothermal alteration of enclosing feldspar, or of 
chlorite developed at the expense of garnet. These secondary inclu¬ 
sions in a single porphyroblast will in many cases show a recognizable 
orientation related to the space-lattice of the porphyroblast itself; 
the {001} planes of muscovite flakes, for example, may be parallel to 
{001} or to {010} of enclosing albite. 



Figure 52. Metamorpliic Textures 

A. Lcpidoblastic texture in andesinc-<|uari/-biotite-garnct schist. I.akc Mana- 
pouri, New Zealand. Diam. 2.5 mm. Section cut perpendicular to foliation 
and to lincation. The grains with high refractive index arc split tie. 

B. Lcpidoblastic texture: same rock as A. Diam. 2.5 mm. The section is cut 
parallel to the foliation. Most of the biotilc crystals have their {001} cleavage 
sub-parallel to the plane of the section. 

C. Ncmatoblastic texture in anthophyllitc-tale-chlorite schist. Chestnut Hill. 
Pennsylvania. 


Schistosity (Foliation) and Lincation 

The term schistosity (= foliation) may bo applied to any parallel 
structure, of mctamorphic origin, that induces a more or less planar 
fissility in a rock. Schistosity is almost always present in rocks that 
have been deformed during rnetamorphism. The regular slaty cleav- 
a R e oi slates, the planar fissility of mica sc hists, and the less conspic¬ 
uous and somewhat irregular foliation of quartz-feldspar schists 
(sometimes termed gneissose structure) all fall within the general 
category of schistosity. Some rocks have several intersecting sell is- 
tosities. The term " 5 -surfaces." introduced by European petrologists, 
is almost synonymous with "schistosity” but has a somewhat broader 
connotation in that it is applied to any set of parallel surfaces, 
whether of mctamorphic origin or not. that can be discerned in the 
'abric of a mctamorphic rock. Relic bedding, for example, is a type 
of 5-surface, though it need not impart schistosity to the rock in 
whic h it is preserved. 

Schistosity is generally associated with several or all of the fol¬ 
lowing struc tural charac ters: 
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(1) A tendency for tabular crystals of micaceous minerals, and 
for prismatic crystals of minerals such as amphibole or epidote, to 
be oriented with their greatest dimensions sub-parallel to the plane 
of schistosity. This is an instance of what the structural petrologist 
terms ‘preferred orientation of minerals according to external form 
of grains.” The terms lepidoblastic and nematoblastic have been ap¬ 
plied to textures dominated, respectively, by tabular and by pris¬ 
matic crystals thus oriented (Fig. 52), as contrasted with granoblastic 
textures of equigranular non-schistose rocks such as hornfelses (Fig. 
5IB), whose component grains are oriented at random. 

(2) An even stronger, though less easily recognized tendency for 
most minerals to be oriented crystallographically, even though their 
external form may be completely irregular: xenoblastic grains of 
quartz may tend to be oriented with their optic axes parallel to the 
schistosity: shapeless grains of calcite may have their c axes approxi¬ 
mately normal to the schistosity, and so on. This is termed a state of 
“preferred orientation according to space-lattice structure." 

(3) Plane surfaces of rupture (sometimes called "strain-slip cleav- 
age") parallel to or intersecting schistosity. 

(4) Laminated structure resulting from segregation of simple min¬ 
eral assemblages of contrasted composition into alternating layers, 
usually from 1 to 10 mm. thick, parallel to the schistosity (e.g., 
quartz-albite alternating with muscovite-chlorite-epidote). This layer¬ 
ing, a product of “metamorphic differentiation" of initially homoge¬ 
nous rocks, has sometimes been mistaken for bedding inherited from 
the parent rock. 

(5) Parallel alignment of linear elements of the fabric in some 
direction within the schistosity, to give what is termed a lineation. 
The parallel elements may be prismatic crystals (e.g., of hornblende 
or epidote), rod-like mineral aggregates (e.g., of quartz or feldspar), 
axes of microfolds, or lines of intersection of different schistosities. 
Lineation imparts a kind of "grain,” easily recognized in the field, 
to the schistosity surfaces. Mullion structure is lineation on a very 
coarse scale, the linear elements being rods (usually of quartz), 
sometimes several inches in diameter and several feet in length. 

In most deformed rocks schistosity has developed parallel to 
surfaces of slip (i.e., of differential movement), and the lineation 
then usually lies at right angles to the direction of movement. In 
other rocks the schistosity is believed to have developed normal to a 
compressive force. In still others, especially in rocks that have been 
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intensely granulated, there may be I i neat ion parallel to the direction 
of movement; or lineations respectively parallel and transverse to 
this direction may occur in the same rock. 

Relic Textures 

Useful information about the origin and pre-metamorphic history 
of some metamorphic rocks is supplied by relic textures inherited 
from the parent rock. In certain metamorphic hornblende-plagio* 

-lase rocks (amphibolites) there arc porphyritic or ophitic textures_ 

termed blastoporphyritic and blastophitic , respectively—that have 
clearly been inherited from a parent rock of igneous origin. In meta¬ 
morphosed conglomerates, also, the original pebbles can commonly 
be recognized, even though they have usually been stretched and 
flattened. In many metamorphosed sediments bedding has survived 
metamorphism and yields valuable evidence as to the structural 
evolution of the metamorphic terrane. 


Metamorphic Facies 


We turn now to mincralogical criteria of metamorphism. Wherever 
metamorphism is ideally complete, the product is an assemblage of 
minerals in chemical equilibrium with one another; and in most 
metamorphic rocks this ideal condition appears to be at least closely 
approached. The nature of suc h an assemblage of metamorphic min¬ 
erals is determined by two factors: (I) the chemical composition of 
the metamorphic rock, which depends first on the composition of the 
parent rock and then on the extent to which material has been added 


or subtracted during metamorphism; (2) the physical conditions of 
metamorphism, especially temperature and pressure. 

All those metamorphic rocks, of whatever composition, that have 
been metamorphosed within certain broad limits of temperature 
and pressure are said to constitute, collectively, a metamorphic 
fades. Each facies that has been recognized has been named for 
some common metamorphic rock that belongs to it. The grecnschist 
facies, for example, is named for the albite-epidote-chlorite-actinolite 
schists and albite epidote-chlorite-calcite schists formed by meta¬ 
morphism of basic igneous rocks at temperatures and pressures that 
fall within a certain range; the temperatures are relatively low and 
the pressures moderate. But the greenschist facies contains rocks that 


are not greensc hists. Certain metamorphosed mudstones, for ex 
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ample, are represented in the greenschist facies by muscovite-chlorite- 
quartz schists, and magnesian limestones by tremolite marble. The 
amphibolite facies includes not only hornblende-plagioclase schists 
and amphibolites but also rocks characterized by staurolite and 
kyanite and containing no amphibole. It must be steadily borne in 
mind, then, that a facies is defined in terms of physical conditions, 
independently of composition. Each facies is named for some well- 
known rock or assemblage of minerals formed only under the condi¬ 
tions that characterize that facies. 

About a half-dozen facies, some of them divided into subfacies, 
have been securely established. In the absence of adequate experi¬ 
mental data it is impossible to define precisely the controlling physical 
conditions for each. But the facies themselves can be recognized; 
they can be correlated with certain standard field environments; and 
in certain instances we can estimate the temperatures and pressures 
concerned with some confidence. The main clearly established facies, 
each named after a mineral assemblage or an equivalent rock type, 
stable only within the limits of the facies, are listed below. Mineral- 
ogical criteria by which each may be recognized are given in later 
chapters. 

(1) Pyroxene-horn!els facies: high temperature, moderate pressure; 
contact metamorphism. 

(2) Granulite facies: extremely high pressure and temperature; 
water probably deficient; regional metamorphism. 

(3) Eclogite facies: extremely high pressure and temperature; rela¬ 
tion to granulite facies uncertain. 

(4) Amphibolite facies: 

(a) Sillimanite-almandine subfacies: high temperature and pres¬ 
sure, regional metamorphism; 

(b) Staurolite-kyanite subfacies: somewhat lower temperature 
and pressure, regional metamorphism; 

(c) Cordierite-anthophyllite subfacies: moderate temperature 
and pressure, contact metamorphism. 

(5) Albite-epidote amphibolite facies: moderate temperature and 
pressure, regional metamorphism. 

(6) Greenschist facies: low temperature, moderate pressure, regional 
metamorphism and hydrothermal metamorphism. 

(7) Sanidinite facies: very high temperature and minimum pres¬ 
sure; commonly in immediate vicinity of volcanic necks. 
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It sometimes happens that a rock metamorphosed in the first place 
at high temperature later undergoes partial metamorphism at some 
lower temperature. The minerals of the first metamorphic facies 
may then still be recognized as unstable relics in association with 
newly developed minerals of the second facies. If, for example, a rock 
contains unstable relics of early-formed garnet and statirolite, now 
partially converted to chlorite, embedded in a later-formed matrix 
of chlorite, muscovite, and quartz, that rock has probably undergone 
early high-grade metamorphism, under conditions typical of the 
amphibolite facies, followed by lower-grade metamorphism to a 
rock of the greenschist facies. In such a sequence of changes the 
later change, involving adjustment to lower temperature, is termed 
retrogressive metamorphism. 


Outline Classification of Metamorphic Rocks 


Basis of Classification 

The classes of metamorphic rocks listed below are defined in terms 
of tcxtuiaf and mineralogical criteria that can usually be recognized 
in hand specimens. Microscopic confirmation may sometimes be 
necessary (e.g., in mylonites and fine-grained hornfelses), and micro¬ 
scopic determinations arc essential for further subdivision of the 
classes on the basis of mineralogy and metamorphic facies. These 
aspects of classification will be developed in the chapters that follow. 

I he mineralogical and textural charac ters on which the classific ation 
is based have been so selected as to group together, as far as possible, 
rocks of similar parentage that have been metamorphosed under 
broadly similar conditions. It must be remembered, in studying this 
classification, that two metamorphic rocks of similar mineral compo¬ 
sition may haye been derived from very different rocks. For example, 
the assemblage plagioclase-hornblende-epidote-quartz, typical of am- 
phibolites, may develop, under the conditions that characterize the 
amphibolite facies, from such various rocks as basalts, andesites, 
impure calcareous sediments, and tuffaceous graywackes. In orrfer to 
determine the parentage of a rock, one may have to marshalall the 
evidence that can be gathered in the field, and to study several thin 
sections, endeavoring especially to discover any relic textures that 
may be present. 
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Principal Textural Classes of Metamorphic Rocks 

Hornjelses. Non-schistose rocks composed of a mosaic of equi- 
dimensional grains without preferred orientation (granoblastic or 
hornfelsic texture); porphyroblasts maybe enclosed in a granoblastic 
matrix. Products of contact metamorphism. 

Slates, l ine-grained metamorphic rocks with perfect planar schis- 
tosity (slaty cleavage), but without segregation banding; the minerals 
usually cannot be determined megascopically. Products of regional 
metamorphism of mudstones, siltstones, and other fine-grained clastic 
sediments. The term spotted slate is applied to slates in which, as a 
result of incipient contact metamorphism, spots or embryonic por¬ 
phyroblasts of contact minerals have formed and the sch istosi tv has 
become somewhat intensified by the growth of tiny but visible paral¬ 
lel plates of mica. 

Phyllites. Fine-grained schistose rocks, sometimes with incipient 
segregation banding; schistosity surfaces have a lustrous sheen given 
off by mica (muscovite) and chlorite. Phyllites have the same origin 
as slates, but their grain size has coarsened as a result of somewhat 
more advanced metamorphism. 

Schists. Strongly schistose, usually well-lineated rocks in which 
the grain is coarse enough to allow easy identification of the chief 
component minerals in hand specimens; minerals of micaceous 
habit are abundant, and their sub-parallel orientation makes the 
schistosity conspicuous; segregation layering is generally well devel¬ 
oped. Products of regional metamorphism or of deep-seated disloca¬ 
tion metamorphism. 

Amphibolites. Metamorphic rocks of medium-to-coarse grain, 
composed mainly of hornblende and plagioclase; their schistosity, 
which is due to parallel alignment of hornblende prisms, is less 
obvious than in typical schists. Products of regional metamorphism 
of medium-to-high grade. 

Gneisses. Coarse-grained irregularly banded rocks, in which the 
schistosity is rather poorly defined because of the preponderance of 
quartz and feldspar over micaceous minerals. Products of regional 
metamorphism, especially of higher grades. 

Granulites. Even-grained metamorphic rocks, lacking micaceous 
minerals or amphiboles and hence not obviously schistose; such 
foliation as is present is due to parallel alignment ol Hat lenses com- 
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posed of quartz and feldspar or both. Products of regional meta- 
morphism of the highest grade. The French term le/)tynite and the 
Scandinavian term leptite are approximately synonymous with granu- 
lite as here defined. 

Marbles. Metamorphic rocks composed of calcite or dolomite. 
Schistosity, controlled by sub-parallel alignment of lensoid grains, 
usually weak except in impure micaceous or tremolite-bearing types. 

Mylonites. Fine-grained rocks resulting from extreme granulation 
of originally coarser rocks; characteristic features are a flinty, banded, 
or streaked appearance, and undestroyed "eyes" and lenses of the 
parent rock embedded in a granulated matrix. Products of extreme 
dislocation metamorphism without noteworthy chemical reconsti¬ 
tution of granulated minerals. 

(.ataclasites . Rocks that have been deformed by shattering (cata- 
dasis) without chemical reconstitution. With increasing intensity of 
deformation and development of streaky banding these grade into 
mylonites. 

Phyllonites. Rocks macroscopically resembling phyllites and some¬ 
times indistinguishable from them, but formed, like mylonites, by 
granulation of initially coarser rocks. Chemical reconstitution is far 
advanced and has given rise to silky films of mica smeared out along 
the schistosity planes. 

Chemical Classes of Metamorphic Rocks 

F.ach of the ( lasses of rock defined above in terms of fabric is ca¬ 
pable of being subdivided on the basis of mineral composition, which 
reflects bulk chemical composition and metamorphic facies. Mineral- 
ogical details are given in the chapters that follow. In the meantime 
it is sufficient to note that common metamorphic rocks fall into five 
principal chemical classes. In each of these it may be convenient to 
recognize two subclasses. The first has an excess of SiO z and contains 
quartz; the second is deficient in SiO_. and contains no quartz. 

(1) Derivatives of politic (aluminous) sediments—clays, shales, 
mudstones. 

(2) Derivatives of quartzo feldspathic rocks—sandstones, acid ig¬ 
neous rocks. 

(3) Derivatives of calcareous sediments—limestones and dolomites, 
which may contain quartz and clay minerals as impurities. 
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(4) Derivatives of basic and semi-basic igneous rocks, including tuffs, 
and of impure marly sediments containing Ca, Al, Mg, and Fe 
in noteworthy amounts. 

(5) Magnesian rocks: derivatives of serpentine rocks and of chloritic 
and other sediments rich in Mg and Fe. 

To avoid repetition, these classes will be referred to in the fol¬ 
lowing chapters as: 

(1) Pelitic 

(2) Quartzo-feldspathic 

(3) Calcareous 

(4) Basic 

(5) Magnesian 
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Hornfelses and Spotted Slates 


Occurrence 

Hornfelses and allied rocks most commonly occur in contact aureoles 
bordering bodies of plutonic rocks (especially granites, granodiorites, 
and quartz diorites) intrusive into rocks otherwise unaffected, or but 
slightly affected, by metamorphism. Large granitic batholiths, such 
as that of the Sierra Nevada, also enclose roof pendants composed 
of hornfelses; these may be several square miles in extent. 

In the immediate vicinity of the plutonic contact, the temper¬ 
atures in many aureoles were high enough to develop mineral as¬ 
semblages of the pyroxcne-hornfels facies. Further from the contacts, 
or throughout those aureoles in which the temperatures were some¬ 
what lower, the mineral assemblages are those of the amphibolite 
facies. Out on the periphery of most well-developed aureoles there 
OCCUr such imperfectly metamorphosed rocks as spotted slates and 
spotted schists, in which porphyroblasts, or coarse aggregates of new 
minerals, have crystallized in a matrix that still retains something 
of the mineralogy and texture of the parent rocks. The assemblage 
o newly formed minerals here may even correspond to the relatively 
low temperatures of the albite-epidote-amphibolite facies. 

ornfelses, sometimes of unusual mineralogical composition 
,n lcat,n S exceptionally high temperature and low pressure of meta- 
morphism (sanidinite facies), also occur as inclusions an inch or two 
in diameter in basaltic dikes and lavas, which have supplied the 
' Cal ntT c cssar Y for metamorphism. The theoleiitic dikes of Mull in 
u.stern Scotland, and flows of contaminated basalt in the Clear Lake 
quae range, California, illustrate this mode of occurrence. Similar 
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rocks also occur immediately adjacent to volcanic necks where high 
temperatures have been maintained by the continued flow of hot 
magma. 

Contact metamorphism in some cases involves no appreciable 
change in chemical composition of the rocks affected other than 
addition or removal of water. Minor amounts of elements such as 
boron, sulphur, fluorine, and chlorine are commonly introduced 
from fluids of granitic origin, and these may give rise to corre¬ 
sponding accessory minerals in the hornfelses—tourmaline, axinite, 
pyrite, fluorite, scapolite, etc. In yet other cases (e.g., in conversion 
of limestone to skarn consisting of silicates of Ca, Fe, and Mg) very 
large amounts of elements such as Si and Fe may be added during 
contact metamorphism. 

Fabric 

Many of the principal minerals of hornfelses—quartz, feldspars, 
pyroxenes, grossularite, calcite—usually occur in equidimensional 
grains. Even the micas and amphiboles are much less markedly tabu¬ 
lar and prismatic in hornfelses than in schists and igneous rocks, and 
show little or no preferred orientation. Most hornfelses, then, consist 
of a mosaic of equidimensional, unoriented grains, and their texture 
(fabric) is termed granoblastic or homfelslc (Figs. 55C, 59C, and 
65ABC). Several minerals formed by contact metamorphism, notably 
andalusite and cordierite, almost always occur as large porphyroblasts 
crowded with small inclusions. Other minerals, also, such as biotite, 
muscovite, tourmaline, grossularite, idocrase, and scapolite, may in 
some circumstances be porphyroblastic. Many hornfelses are thus 
characterized by a combination of porphyroblastic and granoblastic 
fabric (Figs. 56AB and 62A). 

Since deformation plays no part in the evolution of typical hom- 
felses, relic textures are not uncommon even in completely meta¬ 
morphosed rocks of this class. Vestiges of ophitic, porphyritic. and 
amygdaloidal textures are readily distinguished in the fabrics of many 
hornfelses of volcanic origin. Stratification of parent mudstones 
may survive in pelitic hornfelses as delicate banding maVked by 
variation in quantity and grain size of mica and andalusite. Curiously 
enough, however, metamorphism may induce reversal of relative 
grain size: the originally finer clay-rich bands, being highly sensitive 
to metamorphism, become reconstituted as coarse-grained layers 
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crowded with large flakes of mica and spongy grains of andaiusite, 
while the sandy bands recrystallize, without notable further coars¬ 
ening, as relatively fine-grained quartzo feldspathic layers. 

Extreme contact metamorphism of slates in the inner part of an 
aureole usually results in obliteration of the original schistosity; but 
further from the contact this structure may survive, and may even 
be intensified by growth of porphyroblasts of hornblende or mica 
with their long dimensions in the plane of schistosity. In other 
weakly metamorphosed derivatives of slates the initial schistosity 
may be retained and may even be accentuated by recrystalfizcd 
fine-grained mica. Here incipient porphyroblasts of andaiusite or 
cordierite, or scattered ovoid knots of coarser mica, may give a spot¬ 
ted appearance to the rock, which is then termed a spotted schist or 
spotted slate (Fig. 53AB). Recognizable fossils may sometimes be 
seen in these rocks. 


Mineralogy 

Representative mineral assemblages of hornfelscs belonging to dif¬ 
ferent metamorphic facies are summarized in the table on pages 
180-181. Common accessory minerals, such as tourmaline and 
sphene, and some of the rarer mineral assemblages (especially in the 
sanidinitc facies) are omitted from this table. 


Petrography of the Principal Rock Types 

Pelitic Hornfelses 

Most pelitic hornfelses contain sufficient Al 2 0 3 to cause andaiusite 
or cordierite or both to crystallize—commonly as porphyroblasts 
set in a fine-grained granoblastic matrix of quartz, feldspar, mica, 
and graphite. The nature of the minerals in this matrix indicates 
the metamorphic facies to which the rock belongs. If potash feldspar 
is present and muscovite absent, the assemblage belongs to the 
pyroxene-hornfels facies, for at lower temperatures potash feldspar 
is incompatible with aluminum silicates, and micas appear in its 
place. Consequently the corresponding assemblages in the amphib¬ 
olite facies, formed at lower temperatures, are muscovite-biotite- 
andalusitc-quartz, muscovite-biotite-cordierite-quartz, and, rarely (in 
highly potassic rocks), muscovite-biotite-microcline-quartz. 

Andaiusite has two common habits. It may form large spongy 
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Figure 53 . Pelitic Hornfclses and Spotted Slates 

A. Chiastolite slate, Fichtelgcbirgc, Kavaria. I)iam. 3 mm. A porphyroblast of 
chiastolitc (now sericiti/ed), cut at right angles to the c axis, shows geo¬ 
metrically arranged graphite inclusions. The groundmass consists of sericitc, 
pale-brown biotitc, and minor quartz and graphite. Note how the slaty 
cleavage (horizontal) and the cross-cutting strain-slip cleavage (steeply 
inclined) have been destroyed in the vicinity of the growing porphyroblast. 

B. Chiastolitc slate, near Mariposa, Sierra Nevada, California. Diam. 7 inm. 
Section cut parallel to slaty cleavage. Porphyroblasts of serialized chiastolite 
are enclosed in a matrix of biotitc. graphite, and quartz. Note the unaltered 
core, which has survived scricitization, in the upper part of the central 
porphyroblast. 

C. Andalusitc hornfcls, near Andlau, Germany. Diam. 3 mm. Spongy andalusite, 
biotitc, muscovite, and iron ore, in a matrix of quartz. 


xenoblastic crystals riddled with inclusions of quartz, graphite, and 
biotite (Pigs. 53C and 56ABC); or it may occur as the variety chias¬ 
tolite in well-defined prismatic crystals, whose nearly square cross 
sections show symmetrical cross-shaped dark patterns, resulting from 
concentration of included graphitic dust along the edges and the 
central axis of the growing porphyroblast (Fig. 53AB). In many 
hornfelses crystals of andalusite are partially or completely replaced 
by fine-grained aggregates of white mica (sericitc), formed by reac¬ 
tion between andalusite and fluids rich in potash at temperatures 
lower than those corresponding to the pyroxene-hornfels facies (Fig- 
538). Cordierite, also, occurs almost exclusively as porphyroblasts. 
These are irregularly bounded and crowded with inclusions of 
quartz, graphite, etc. They cannot be distinguished from plagioclase 
except by their characteristic sector twinning, the presence of yellow 
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A. Corundum-bioiitc-cordiVriic hornfils. Comrio. Sto,i rt ,»d. l)j am . 3 111111. The 

banding probably rcprc\ciu% original bedding. 

B. Cordicriu bioiitc-quartz hornfcb, Odcmvald, Germany. Diam. 3 mm. 1» 
regular grains o( cordicriu- ate charged will, small inclusions, mainly ol 
biouic, and show imipiem replace,11cm by palc gieen chlorilc ("pinitc ') 
along maigins and uacks. 


C. liioiiicniUM oviic-cjuari/ Itornft-U. (.auadc Valley. 
l>iarn. J nun. Note die sieve icxtun oI the hioliu 


Westlaml, New Zealand, 
poiphyioblasis. 


[»lcochroi< haloes around enclosed zircons or sphcncs. and a (om- 
111011 tendency to be replaced marginally and along cracks by a 
colorless or yellowish member of the chlorite family (Fig. 54 B). Red- 
brown biotite is present in almost all politic hornfelses; but mus- 
'oviu- is restric ted to rocks ol the amphibolite facies. Both minerals 
°<" ,r as minute unoriented Hakes in the granoblastic matrix, and 
occasionally as scattered |>orphyrohlasts (Fig. 54C) or as oval poly- 
crystalline knots. Feldspars usually form iintwinned xcnoblaslic 
grains confined to the matrix; hut large porplnrohlasts of micro, line 
«r all, "° l,,a y < ll ' v< lop in hornfelses that have been affected by potash 
or soda metasomatism near granite contacts. Apatite and tourmaline 
are almost constant accessories. If the parent roc k was a marine shale, 
ns initial content of boron would he sufficient to account for tour¬ 
maline erring as a uniformly distributed accessory mineral. Local 
crystallization ol abundant tourmaline, on the other hand, especially 
"> the \ ic limy of recognizable micro-lraccures, is usually attributable 
n> mtroduciion ol boron from an external magmatic source (Fig. 
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Figure 55 . Politic and Quari/ofeldspathic Hornfelses 

A. Bio me hornfcls. adjacent to contact with granite, Donegal, Ireland. Diam. 
3 mm - 1 l,e ccn,ra l porphyroblast is of yellow tourmaline. Fibers of sillimanite 
are enclosed in granoblastic <|uart/. 

B. Biotite-sillimanite hornfels, adjacent to contact with granite. Donegal, Ireland. 
Diam. 3 mm. Coarse sillimanite, brown biotite, and granoblastic quartz. 

C. Quartz-feldspar hornfcls, Ebcrstadt. Hessen, Germany. Diam. 3 mm. The 
granoblastic aggregate consists of quartz, oligoclase, and minor microclinc. 
Flic irregular dark grains are green hornblende. There are minor biotite 
ami iron oic. 

In some politic hornfelses sillimanite appears in place of andalu- 
sitc. It occurs as aggregates of slender fibers forming at the expense 
ol biotite (Fig. 55A) or as sheaf-like segregations of much coarser 
pi:sms (Fig. 55B). The presence of sillimanite seems to be favored 
by long-sustained high temperatures and the influence of magmatic 
fluids, for it is especially characteristic of rocks in the immediate 
vicinity ol granite contacts. Some such rocks arc so rich in silliman¬ 
ite that they must be regarded as products of complex reaction 
between magma and hornfels, in the course of which non-aluminous 
materials have been partly transferred to the magma and the pro¬ 
portion of alumina in the metamorphic residue has been increased. 
Basaltic rocks sometimes contain xcnolithic masses of alumina- 
enriched hornfels belonging to the sanidinite facies, which may con¬ 
tain so much excess Al 2 () 3 (as compared with Si0 2 ) that one of the 
silica-deficient minerals corundum (sapphire) and spinel has crystal¬ 
lized. Where partial melting of these xenoliths has occurred, the 
resulting rock (transitional between igneous and metamorphic) is 


HORNFELSES AND SPOTTED SLATES 



Figure 56. Andalusiie Schists of Northeastern Scotland 

A. Andaliisite-biotitc-quartr-plagioclasc ,«hist. Coreen Hills. Aberdeenshire 
Diatn. 2.5 mm. I he porphyrobl.ist is of andalusiie. 

B. Amlalusitc-muscoviiebiotitecor«lienu-<|iiariz schist. Coreen Hills, Aberdeen 

slme. Diam. 2.5 mm. The central porphyrobl.ists arc of nndalusite. crowded 
with graphitic inclusions. C.'ordierite. with dark inclusions surrounded bv 
yellow pi cot hroic haloes, oc.iirs near the lower left edge. 

C. Andalusite-stauroliiebioiitc schist, west of Banff. Diam. 2.5 mm. Spongy 
porphyroblasts of staurolite (above) and of andalusiie and large flakes of 
biotite, in a granoblastic matrix of quart/, muscovite, and biotitc. 

termed a bmhitc. Politic buddies may consist of cordierite, spinel. 
,hc raro I'iRli-tcmpcramre aluminmn silicate mullite. and glass. 

Most politic hornfclscs contain an excess of SiO,, so that quartz 
crystallizes with aluminous silicates, litit some are so rich in AI .O, 
and correspondingly poor in SiO, that quartz is absent, and comm 
dttm or spinel or both arc* present (Fig. 54A). 

Pelitic Spotted Schists 

In the outer part of an aureole developed in initially slaty or phyl- 
UtK rocks, the typical products of contact metamorphism are foliated 
(sclmtose) rather than hornfelsic. There are two reasons for this 
metamorphism is not sufficiently intense to obliterate the schistosity 
of the parent rock, and the temperature of metamorphism (eouiva- 
lent to the amphibolite facies, is low enough for muscovite and bio- 
me to he stable minerals. The habit of these micas, though generally 
much less regular than in other schists, is definitely tabular; and it 
has distinct preferred orientation, with { 001 } sub-parallel to the 
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original schistosity, which thus may not only be preserved but even 
become intensified. Rocks initially high in potash, as many pelitic 
sediments are, commonly contain large porphyroblasts of biotite or 
muscovite, crowded with inclusions of quartz. These may completely 
lack regular orientation, in which case they give the rock a spotted 
or knotted appearance. In some rocks, however, the mica porphyro¬ 
blasts are markedly tabular and tend to be oriented, with {001} in 
the schistosity: and bright spangles of coarse mica are then conspicu¬ 
ous on surfaces broken parallel to the schistosity. Andalusite or 
cordierite or both, developing as porphyroblasts in a schistose ma¬ 
trix of micas, quartz, and plagioclase, may also impart a spotted 
appearance to rocks of this class (Fig. 53AB). Note, however, that 
these minerals are more restricted than in rocks of the hornfels 
family, for at temperatures of the amphibolite facies they can crystal¬ 
lize only in those rocks in which the ratio A1 2 0 3 /Ki 0 is too high to 
allow all the A1 2 0 3 to be accommodated by micas. 

Though typical of the outer parts of contact aureoles, spotted 
schists may also develop on a regional scale independently of exposed 
igneous contacts. A well-known example is afforded by porphyro- 
blastic andalusite schists and staurolite-andalusite schists that out¬ 
crop over much of Aberdeenshire, Scotland (Fig. 56). 

Quartzo-feldspathic Hornfelses 

Quartz, plagioclase, and potash feldspar, the main constituents of 
sandstones and of siliceous volcanic rocks (rhyolites, dacitcs), are 
stable within the temperature range embraced by the pyroxenc- 
hornfcls and amphibolite facies. Hornfelses derived from such rocks 
therefore consist essentially of a granoblastic mosaic of quartz and 
feldspars (Fig. 55C). Blastoporphyritic textures, marked by persist¬ 
ence of partially recrystallized relic phenocrysts of quartz and feld¬ 
spar, indicate the volcanic parentage of some rocks. In these rocks 
relic plagioclase commonly retains the idiomorphic outlines and 
complex twinning characteristic of volcanic plagioclases. Relic pot¬ 
ash feldspar—orthoclasc in some high-temperature hornfelses, micro- 
cline in rocks of the amphibolite facies—may show coarse perthitic 
structure resulting from metamorphic unmixing of soda and potash 
components that were originally combined in sodi-potassic sanidine 
or anorthoclase of a volcanic rock. # 

Biotite is almost invariably present in quartzo-feldspathic horn- 
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Figure 57. Buchitcs 

A. Vitrified sandstone from contact with mincttc. Navajo Reservation. Arizona. 
Diam. 3 111111 . Spongy relits ol "fritted" pl.igiocljsc and of potash feldspar, 
partially vitrified along cleavages; corroded grains of quart/; matrix of pale- 
brown glass enclosing length-slow fibers of (?) nmllitc. 

B. Partially \itrifiecl granodioritc inclusion in basalt. Table Mountain, near 
Orovillc, California. Diain. 3 nun. Colorless glass formed by fusion of quartz 
and feldspar grades through brown glass into basalt with a matrix of black 
glass (on right). Relic grains of plagioclase have partially vitrified "fritted" 
borders charged with colorless glass; the plagioclase crystal adjacent to the 
basalt is more completely vitrified and is charged with brown glass. Trains 
of magnetite dust and feldspar microlitcs indicate flow within the fused 
matrix of the quart/ dioritc. 

C. Ilornfels formed by local high-temperature mctamorplmm of weathered 
basalt, at contact with diabase neck, I cvcbullaigh, Antrim. Ireland. Diam. 
0.5 mm. Magnetite, deep-green spinel, and needles of mullite. in a matrix 
of cordierite. 


fclscs. Small amounts ol cordierite or andalusite may appear in rocks 
of the pyroxene-hornfels facies; but muscovite, both in porphyro- 
blasts and in small flakes distributed through the gratioblastic mo¬ 
saic, is typical of hornfelses belonging to the amphibolite facies. 
Hornblende is less common. Tourmaline, zircon, apatite, sphene, 
and opaque ore minerals arc common accessories. 

Quart/o feldspathic buddies resulting from partial fusion of in¬ 
clusions in volcanic rocks arc shown in Figure 57AB. Tourmalinized 
hornfels formed by introduction of boron into sandstone is illus¬ 
trated in Figure 58A. 
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Figure 58. Pneumatolyiic Hornfelses 

A. Tourmalinized quartz hornfels. near Engelmine. Sierra Nevada. California. 
Diam. 2.5 nun. Quartz has rccrystallizcd as a granoblastic mosaic. The original 
clay matrix has recrystallized to scricitic mica, and has provided an alumi¬ 
nous environment within which tourmaline has freely crystallized under the 
influence of introduced boron. Black specks are magnetite and hematite. 

B. Fluorite skarn. Riddarhyttan. Sweden. Diam. 2 mm. Green hedenbergite 
and pale-brown andradite garnet enclosed in a single grain of fluorite. 

C. Tourmalinized quartz-hornblende hornfels. Lily Lake, west of Lake Tahoe, 
California. Diam. 3 mm. The section, cut from rock one inch from a tour¬ 
maline-filled joint, shows coarse tourmaline in a quartz-hornblende matrix. 

Contact Marbles 

High-grade contact metamorphism of limestones and dolomites 
produces granoblastic rocks composed mainly of a mosaic of equant 
grains of calcitc. Silica and alumina are minor impurities in such 
rocks. A good many typical contact marbles are poor in silica; they 
fontain no quartz, and arc likely to contain minerals incompatible 
with free silica at high temperature. Among these minerals are for- 
sterite, minerals of the humite family, periclase. brucite, spinel, co¬ 
rundum, and a number of rare lime and lime-magnesia silicates 
(larnite, spurrite, tilleyite, monticcllite, etc). Where silica is more 
abundant, as it is in rocks transitional to the calc-silicate hornfelses, 
minerals compatible with excess silica may appear, notably wollas- 
tonite, diopsidc, treniolite, and talc. The sequence of mineral assem¬ 
blages that may develop in silica-bearing dolomitic limestones as the 
temperature rises is complex, and each metamorphic assemblage is 
determined partly by the relative proportions of calcite, dolomite, 
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and quartz in the parent rock, and partly by the temperature and 
pressure prevailing at the time of reaction. 

Marbles derived from what were initially pure dolomite rocks arc- 
composed of a mosaic of calcite enclosing round aggregates of finely 
crystalline brucite (Fig. 59C), the component flakes of which are 
arranged in more or less concentric whorls that may enclose small 
remnant grains of periclase. These rocks are generally interpreted 
as products of dedolomitization in two stages: 

(1) CaMg(COa)* -* CaCOj 4 - MgO -f CO . 

dolomite calcite periclase 

(2) MgO 4 - H,0 -> Mg (OH).. 

periclase brucite 


Periclase marbles with no brucite are rare. This is to be expected, 
lor periclase is known to be stable in contact with water vapor only 
at temperatures approaching 900’ C.. and water at sufficient pressure 
to allow it to be converted to brucite must usually be present at some 
stage of metamorphism when the temperature is lower than this. 
C oarse tabular brucite occurs in some marbles (Fig. GOC), and this 
points to direct conversion of dolomite to brucite and calcite with- 
out the formation of periclase as an intermediate phase. 

Forsterite-brucite and forstcrite-diopside marbles are common de¬ 
rivatives of magnesian limestones containing chert or some other 
form of silica as a minor impurity. The forsterite and diopside occur 
as isolated, colorless, round or idioblastic grains, conspicuous in thin 
sections because of their high refractive index and bright polariza- 
non colors. Partial serpentinization of forsterite is common (Fi-. 
MA). Other minerals likely to be present in assemblages of this kind 
(Figs. ->0A and fiOC) are spinel, members of the huiniie family, and 
occasionally corundum. The spinel is usually colorless and may be 
recognized by its isotropic condition and octahedral habit. Most 
htimite minerals arc pleocl.roic in golden-yellow tints: but some are 
colorless and may be hard to distinguish from lorsterite without 
recourse to a universal stage. 

The mineral assemblages noted above are characteristic of rela¬ 
tively high metamorphic temperatures, corresponding to the nv- 
roxene-hornfels and the upper range of the amphibolite facies. Some 
erv y f<,rs,cri >f- a »<l brucite-bearing assemblages- 

- - f a w CO " ,para,ively low tem P e rature-s within the am- 

p oolite faces. Magnesian marbles of even lower grade consist ol 
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Figure 59. Magnesian Contact Marbles 

A. Chondrodite spim I marble. Amity. New York. Diam. 3 nun. Pale-yellow 
chondrodite and deep-green pleonastc in a matrix of calcite. A single crystal 
of pyritc (right) and a ragged flake of graphite (lower left). Addition of 
fluorine and sulphur is indicated by presence of chondrodite and pyritc. 

B. Ludwigitc-forsterite-spinel marble. Twin Lakes, Sierra Nevada. California. 
Diam. 2 mm. Calcite encloses round grains of forsterite and green plconastc 
and slender prisms of the magnesium-iron borate ludwigitc (Z = dark 
brown: X=d.irk green; refractive index 1.85-2.0: elongation parallel to Z). 
Presence of ludwigitc indicates addition of boron and iron. 

C. Brucitc marble (prcda//itc). Pred.i//o. Italy. Diam. 2 mm. Colorless clear areas 
arc of bruc ite, pseudomorphous after periclasc; under crossed nicols they show 
a complex, partly radial, partly concentric arrangement of minute flakes. A 
few round granules of forsterite are also present. 

calcite and either tremolitc or talc. Tremolite typically occurs as 
long colorless prisms in a matrix of calcite: talc is much less common 
and appears to represent the lowest temperatures of reaction between 
dolomite and silica. 

Marbles containing no MgO and with silica as sole impurity re¬ 
crystal li/e without reaction as quartz marbles, except at or above 
the high temperatures corresponding to transition between the am¬ 
phibolite and the pyroxenc-hornfcls facies. At such temperatures 
reaction occurs to give wollastonite. The assemblages wollastonite- 
calcite and wollastonite-diopside-calcite arc therefore typical of high- 
temperature marbles somewhat deficient in silica. 

There is an interesting but rare group of silica-poor metamorphic 
rocks formed at the low pressures and extremely high temperatures 
of the sanidinite facies, at contacts between flint-bearing chalks and 
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Figure 60. Magnc'.ian Contact Marbles 

A. lorsteritc marble. Barlow. California. Diam. 3 mm. Note partial serpemin- 
i/ation of forsterite. The carbonate is calcite. 

H. Diopsidcidocrasc marble. Crestmore. California. Diam. 3 mm. The large 
central crystal of diopsidc. showing { 110 } cleavage and { 100 } parting, en 
closes several grains of idotrase. Other grains of idocrase arc surrounded by 
calcite. 

C. Chondrodite-spind brucilc marble. Crotmore. California. Diam. 3 mm. Color 
k« ociahedra of spinel (ai loner edge) and colorless anil yellow grains 
of minerals of else cliondrodileclinoliuinilc family arc enclosed in coarsely 
crystalline brucile (at right) or in calcite (at center and lower edge). 

intrusive necks of igneous rin ks such as diabase. In these calcite is 
associated with various rare lime silicates, most of which are color- 
less minerals of medium-to-high refractive index and moderately high 
birefringence, and commonly show lamellar twinning. They in¬ 
clude, larnite (C^SiO,; X to {100} twin plane = lit'); bredigite 

(Ca 2 StO,; pseudohcxagonal twins. 2V = 30”. sign +); spttrrite 
(Cat.0.1 ■ 2Ca 3 SiO.; 2V' = 39”. sign -): rankinitc (Ca 3 Si a 0 7 ; 2V = 
04\ sign +, birefringence 0.009); tilleyite (2CaC0 3 C.a 3 Si 3 0 7 ; 2V = 
90”); cuspidine [Ca.fF.OH^O,; relatively low refractive index 
100 , and birefringence, 0.012]; merwinite (C:a 3 \IgSi a O H ; tsvo sets of 
oblique twins. 2V = 70". sign +); monticelli.e (CaMgSiO.; like 
forsteme but with lower birefringence. 0.011); and melilitc 

lCa 2 (Al,Mg)(St,AI) 3 0 : ; umaxtal, sign untwinned]. Some of these 
are illustrated in Figure Gl. 

Calc-silicate Hornfelses and Skarns 

Rocks of these classes are composed entirely, or almost so. of lime- 
icaring silicates. Those more properly termed hornfelses are deriva- 
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Figure 61. Lime-silicate Rocks at Chalk-diabase Contacts, Ireland 

A. I.nrniie-spurrite-magnctite, Scawt Hill, Antrim. Diam. 2.5 mm. Porphyroblasts 
of spurritc enclosing granular larnitc (with high refractive index) and mag¬ 
netite. 

B. Mcrwimtc-spurrite, Scawt Hill. Antrim. Diam. 3 mm. Large twinned tabular 
crystals of merwinite enclosed in spurrite. The three dark crystals at the lower 
tight are larnitc. formed by inversion of its high-temperature polymorph 
bredigite, the hexagonal cross section of which is still clearly retained. Grains 
of magnetite and of calcitc and a few small granules of yellowish-brown 
perovskite (isotropic, with very high refractive index) are also present. 

C. I illeyite-tnelilite, Carlingford. Diam. 3 mm. Pale-yellow tablets of melilitc are 
enclosed in colorless tilleyite. A few grains of green plconastc (above) and 
numerous small granules of perovskite. 


lives of argillaceous limestones; the term “skarn" is generally re¬ 
served lor petrographically similar rocks derived from nearly pure 
limestones and dolomites into which large amounts of Si, Al, Fe, 
and Mg have been introduced. The two modes of origin may usually 
be distinguished on the basis of field evidence; for skarns tend to be 
limited to sharply defined zones at junctions between marbles and 
plutonic rocks, whereas hornfelses grade peripherally into less altered 
rocks of similar chemical composition. 

The composition of a rock of either class may vary considerably 
within a single hand specimen or even within a single thin section. 
One of the most typical mineral assemblages consists of colorless or 
brownish garnet of the grossularitc-andradite series (in some cases 
zoned and feebly birefringent), non-pleochroic greenish diopside- 



Figure 62. Skarns 
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A. 


Scapolitcauinolitc-phlogopitt* marble, Germany. Diam. 2.5 
colorless idioblasiit crystals with relatively low refractive 
sc a polite. 


mm. I he three 
index are of 


H. 


C. 


Slum. Donegal, Ireland. Diam. 2.5 mm. Itlocr .sc cimle 
pyroxene (in lower half). Grossularite (upper right) 
edge), both cm losing granular cpidote-clino/oisite. 


•ping green tliopsidit 
and idocrase (upper 


Skarn. Aberdeenshire. Scotland. Diam. 2 mm. Large prismatic 
idocrase (at left) and darker grains of grossularite-andradite wii 
fracture, enclosed in colorless, radially prismatic prchnitc. 


crystal of 

irregular 


hodenbergite, and pale-pinkish or brownish id,,, rase (Figs. (12150 

and 6SC). The idocrase may be difh. ... distinguish l roln | )irc . 

fnngent Harriet. In ihc more aluminous bands iliis assemblage may 
also contain calcic plagioelase (Fig. (MIS,. a mineral ,.l the cpidote 
Rroi.p (Fig. '.2IS,, or a sc apoliic (Fig. 03 A, : more eal, i< assemblages 
<>n the other hand, are likely to in, lude wollastonite in ihe pyroxene- 
hornfels faces (Fig. 63 B) or calci.c plus quartz in the amphibolite 

. !**■ C °" ,rary *° " h « ""S'" be expected in a mineral assemblage 
n mternal ecimlibrmm. cpidotc-bcaring bornfelses frequently eon- 
am both clinozoisite and zoisile as well. The two lat.er may be dis- 

0 I ■' W °" ly ° n thc basis of optic axial angle 

cab s- TT f,i " OTOisi ' C >- ,<ir '>o.H are colorless nun- 

b ue or v l " 8 I"', ,VC in<l<N - • ln<l bo,h lf "‘ l '<> sl| o'v anomalous 
, I r0 " n interference colors. In many roc ks coarsely 
Rrannlar tpidote contains mtergrown vermicular qnanz (Fig. 510 . 

as omte may occur in bornfelses containing abundant colorless 
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Figure 63. Calc-si lira cc Marbles 


C 


A. Diopside-scapolitc marble. Three Rivers. Sierra Nevada. California. Diam. 
- mm. Greenish diopside. colorless scapoliie. coarse calcice, accessory granules 
of sphene. 


H. Diopside-wollastonite hornfels. Wasatch Mountains. Utah. Diam. 2 mm. 
I nrge prismatic crystals of uollastonite (left half) and coarse granular diop¬ 
side. with interstitial radial aggregates of prehnite (relatively low refractive 
index, colorless). 


C. Grossularitc-idot rase-diopsidc marble, near Cisco. Sierra Nevada. California. 
Diam. 3 mm. 1 he darker of the two highly refractive minerals is grossularite. 
and the other is idocrase. There are small prisms of wollastonite and a 
granoblastic matrix of calcite. 


diopside. and may then be overlooked in a cursory examination; but 
if its presence is suspected it is easily confirmed by measurements of 
extinction angle (X to c = 34°) and optic axial angle and sign (2V = 
35—40°; sign —). Scapolites differ from all associated minerals in 
being uniaxial and negative and in having a low refractive index and 
moderately high birefringence. 

Sphene (Fig. f>4C), microcline. phlogopite, magnetite, and sul¬ 
phides may occur in any of the above assemblages, especially in 
skarns. Hornblende, assoc iated with diopside, is found only in rocks 
relatively poor in lime and belonging to the amphibolite facies. 
Fluorite is not uncommon in skarns containing iron-rich pyroxene 
and garnet (Fig. 58B). 
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Figure 64. Calc-silicate Hornfelses 

A. Diopsidc-plagioclasc hornfels with minor quartz, east of Visalia. Sierra Nevada, 
California. Diarn. 2 mm. 

B. Hedenbergite-andradite-labradonte hornfels, near Visalia, Sierra Nevada. Cal¬ 
ifornia. Diarn. I mm. Andradite is concentrated chiefly within the right half, 
hedenbergite chiefly within the left hall ol the slide. A siring of lozenge¬ 
shaped crystals of sphene trends about vertically, left of center. 

C. Diopside-quartz-sphene hornfels. Donegal. Ireland. Diani. 2.5 mm. 

Basic Hornfelses 

High-tcmperature contact mctainorphism ol rocks of the basalt 
and andesite families yields dense dark hornfelses which beneath 
the microscope arc seen to be coinjxwcd ol a granoblastic mosaic of 
labradorite, pale-green or colorless diopside. pink hypersthene (more 
distinctly pleochroic than the hypersthene ol igneous rocks), and 
accessory magnetite, apatite, and sphene (Fig. 66C). In rocks of very 
basic parentage olivine, sometimes in large poikiloblastic grains, may 
accompany this assemblage. Such is the European hornfels termed 
beerbachite, originally described as an unmetamorphosed basic dike 
rock. Hornfelses derived from andesites commonly contain some 
biotitc (Figs. 6515 and f>f»A), and they may show vestiges of original 
porphyritic structure: phenocrysts of what once was hornblende, for 
example, may be represented by a mixture of diopside and hyper¬ 
sthene. 

Corresponding hornlelses of the amphibolite facies consist of the 
assemblage plagioclase-hornblende-diopside, often with magnetite, 
apatite, and sphene as minor constituents (Fig. 6615). When biotite 
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figure 65. Basic Hornfelscs. Comric. Perthshire, Scotland 

A. Hornblendcbioiiteplagioclase homfcls. Diam. 3 mm 

B. Ilypcrsthcnc-biotitc-plagioclasc-cjuartz hornfels. Diam. 3 mm 
( ' 1 lypcrsthcnc-cordieritc-magnctitc hornfels. Diam. 3 mm. 
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Figure 66. Basic Hornfelscs 

A. Diops id c- p I agioclase-biotite hornfels. near Cisco, Sierra Nevada, California. 
Diam. 3 mm. Diopside shown stippled; a few grains of magnetite. 

B. Hornblcndc-plagiotbase hornfels. near Cisco. Sierra Nevada, California. Diam. 
3 mm. Relic phcnocrysts of plagiodase retaining zonary structure indicate 
igneous origin. 

C. Bccrbachiic, Odenwahl. Germany. Diam. 3 mm. Hypcrsthene, diopside, 
plagiodase, and magnetite; pyroxenes show retrogressive alteration to fibrous 
pale-green amphibolc. 
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and quartz are also present, it is likely that the parent rock was ande¬ 
sitic (Fig. 65A). Amphibolite hornfelscs commonly retain relic trace 
of porphyritic, ophitic, and other typically igneous textures, whirl 
are described by stub terms as "blastoporphyritic" and ' blasto 
phitic." A typical instance of blastoporphyritic texture is seen where 
aggregates of hornblende, pscudomorphous after eight-sided pi is 
matic crystals of augite, are enclosed in a granoblastic hornblende 
plagioc lase matrix. Plagioc lase. on account ol its low position in the 
crystalloblastic series, invariably recrvstallizes as a mass of xenoblas- 
tic grains; so any recognizable trace of lathy or tabular habit in the 
plagioc lase of hornfelses (e.g., in blastophitic textures) must neces¬ 
sarily have been inherited from the parent rot k (Fig. Glib). Relic 
amygdaloidal structure may be very conspicuous in amphibolite 
hornfelscs of relatively low metamorphic grade, as when oval patches 
of recrystallized quartz, calc ite, and epidote or ol albite and epidotc 
are scattered through the normal plagioclase-hornhlende mosaic. 

Magnesian Hornfelses 

Magnesian hornfelses formed by contact metamorphism of ser¬ 
pentine rocks have rarely been recorded. In the southern Sierra 
Nevada of California, serpentine rocks adjacent to a stock of quartz 
monzonite have been converted to olivine hornfelses. A typical asso- 



Figure 67. 
Magnesian Contact 


Schists A B 

A. Anihophyllitc-cummingtonitebiotite schist, Riddarhyuan. Sweden. Dinm. 
1 nun. In the large central crystal and the one at the left edge, the two 
am phi hole's are intergrown. 

It. Cordierite-anthophyllite-biotite schist. Riddarhyuan. Sweden. Diam. 3 mm 
I lie large crystals are pale anthophyilitc. 
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ciation is olivine-enstatite-spinel-clinochlore, probably representing 

the aTH e b ne r h ° r f nfelS f f' eS ' At '° Wer tem P eratures characteristic of 
the amphibolite faces, but still above the upper limit of stability of 

serpentine (400-500- C.), serpentine rocks or talc schists may be 

metamorphosed to rocks consisting largely of anthophyllite. 

Coarse-grained rocks composed of the magnesian amphiboles 

anthophyl ,,e and cummingtonite in association with cord.erite or 

b.ot.te or both have formed by magnesia metasomatism in the vicin- 

ill , Sran ^ 3 gran ° di0ritiC b ° dies in a nurn ber of Scandinavian 

pTnllnH ,' C rr en ,' rOCkS in the We,,known Orijiirvi region of 
I inland are highly siliceous quamo-feldspathic schists. Two exam¬ 
ples from Sweden are illustrated in Figure 67. The typical as- 
sembfage anthophyU.te-cummingtonitc-cordierite is confined to the 
amphibolite faces. It corresponds chemically with hypersthene- 
cord.eme in the pyroxene-hornfels facies (Fig. 65C) and with talc- 
chlorite or talc-serpentine in the greenschist facies. 
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Cataclasites, M ylonites, 
and Phyllonites 


Cataclastic and Crystalloblastic Deformation 

Deformation enters to a noteworiliy decree into some kinds ol met- 
amorphism. A rock subjected to meiamoiphic temperatures and 
confining pressures may yield to an applied stress (direc ted pressure) 
in one or both of two ways, the result in each case being a perma¬ 
nent deformation. 

(I) If the stress acting in any direction within the rock exceeds 
the breaking strength of the rock as a whole or ol its component 
minerals, under prevailing temperature and pressure, the rock be¬ 
haves as a brittle material and yields by rupture. 1 racttires of vari¬ 
ous dimensions develop, large grains are broken into small granules, 
and displacement occurs on the slip surlaces which tend to form 
parallel to planes of high shear stress. Grains ol some minerals (e.g„ 
calcite) may become permanently deformed by internal gliding 
movements on planes of weakness in their crystal lattices. Deforma¬ 
tion involving essentially mechanical processes suc h as these has been 
termed cataclastic by some writers. The corresponding movements 
within the rock undergoing deformation—granulation, rotation ol 
grains, differential slip, and so on—are called, in modern tcrminol- 
ogy, direct com fwnental movements. 

(2) Deformation may also be achieved by purely chemical proc¬ 
esses. Unstable mineral grains, or the less stable parts of some grains, 
«nto solution. Stable grains tend at the same time to become en¬ 
larged, and new crystals of stable minerals grow in favorable posi¬ 
tions, which are determined partly by the* distribution of stress 
within the rerrystalli/ing mass. Transfer of matter—an essential part 
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of any deforming process—is effected largely by diffusion of ions 
within pore solutions and by diffusion of the solutions themselves 
through the intergranular spaces of the rock. This type of deforma¬ 
tion is sometimes referred to as crystalloblastic, and corresponding 
movements—of ions and solutions—are termed indirect componen- 
tal movements. 

Crystalloblastic processes tend to be most effective where tempera¬ 
tures are high, where chemically active pore fluids are available, 
where stress is applied for a long time, and where the minerals of 
the parent rock include some that are unstable under the prevailing 
temperatures and processes. Cataclastic processes, on the other hand, 
become increasingly important where deformation is achieved rap¬ 
idly at low temperatures and relatively low confining pressures, 
both of which favor brittleness in rock-forming minerals, and where 
the deforming rock is composed of minerals stable under the pre¬ 
vailing conditions. In most cases of metamorphic deformation the 
two kinds of processes operate more or less simultaneously or alter¬ 
nately, the one temporarily outweighing the other as physical condi¬ 
tions of metamorphism fluctuate. But there are also cases where 
deformation is predominantly cataclastic or predominantly crystal¬ 
loblastic. 

In this chapter we arc concerned with metamorphic rocks pro¬ 
duced by predominantly or purely cataclastic deformation. They are 
restricted to relatively thin zones of intense deformation such as fault 
zones—especially zones of protracted thrust movement on the lower 
surfaces of alpine nappes. Recognition of rocks of this class in the 
field may be difficult but is nevertheless of great importance in map¬ 
ping geologic structures in regions of strong deformation. 


Mylonites 

Mylonites (Fig. 68) are products of extreme cataclastic deformation 
of chemically stable rocks that have been ground and milled between 
the moving rock masses on opposite sides of a fault zone. They are, 
for the most part, extremely fine-grained, though they usually con¬ 
tain scattered eyes of uncrushed parent rock, aligned with their long 
axes in the direction of movement. Microscopically the minerals in 
these eyes of relic material show such strain effects as marginal gran¬ 
ulation, undulatory extinction, and bending of cleavage cracks or 
twin lamellae. Quartz, in particular, develops undulatory extinction 
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Figure 68. Mylonites 


A. San Gabriel Mountains. California. Diam. 5 mm. Strained and broken coarse 
crystals ("|>or|>hyro<lasts") of feldspar ami a train of garnet granules set 
in a finegrained schistose matrix of quart/ and feldspar veined with gruno- 
blastic quart/. 

lb Granite mylonitc, San Gabiiel Mountains, C alifornia. Diam. 3 mm. Coarse, 
strained, partially granulated crystals are of plagioclase. micro* line, and 
quart/. I he granulated matrix is coiiq>oscd «»l quart/, feldspar, and biotitc. 

C:. Mylonitic augen gneiss, Dcadman Lake. British Columbia. Diam. 6 mm. 
Ovoid relit crystals of plagioclase and of |>ot.ish feldspar, in a matrix of 
muscovite, chlorite, and quart/, traversed by swarms of stringers of later 
untlelornied quart/. 


bands parallel to the c axis, and in many grains there are fine lamel¬ 
lae, emphasized by streaks of dusty inclusions, sub-parallel to the 
basal plane {0001}. These arc sometimes termed Boehm lamellae, 
and have been attributed to intracrystalline gliding on surfaces in¬ 
clined at low angles to (0001}. In spite of their pulverized condition, 
mylonites are hard, coherent, in some cases even flinty rocks; for 
deformation has taken place under confining pressures so high that 
the granulated particles have been welded tightly together.* An 
extreme product of the milling process is pscudotachylite, a dark 
material of glassy aspect (non-polarizing) which forms narrow dis¬ 
continuous streaks in some mylonites. This has generally been inter¬ 
preted as a product of fusion of crushed roc k under high tempera- 
lures d eveloped by frictional heat; but X-ray investigation and 

• !>• this respect mylonites arc very different from the loosely compacted, incoherent 

'T V , c; " a T M * known as “ faul « R‘*ugcv" which develop in fault /ones under 
idatively low «mfininj> pressures. 
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measurement of the refractive index have shown some pseudo- 
tachylites to be cryptocrystalline products of extreme crushing of 
rocks such as granite, without actual melting. 

Most mylonites have a laminated fabric, individual bands being 
marked by differences in grain size and color and usually in com¬ 
position. This lamination can be correlated with flow movements 
occurring within the rock during its deformation; and any linear 
alignment of elongated fragments within a plane of lamination is 
usually parallel, though in some cases perpendicular, to the direction 
of movement. In this respect the fabric of a mylonite resembles that 
of the much more localized thin films of granulated rock smeared 
out on fault surfaces and known as slickensides. 

Perhaps the commonest mineral assemblage in mylonites is quartz- 
feldspar, for these minerals arc chemically stable over a wide range 
of temperature and pressure, and in the absence of pore fluids tend 
to behave as brittle substances. Many mylonites, consequently, are 
derived from rocks of the granite and sandstone families. Where 
quartz is the main constituent of a thoroughly granulated mylonite, 
it usually shows a high degree of preferred orientation, with the 
optic axis aligned sub-parallel to the direction of movement. This is 
easily demonstrated by inserting a gypsum plate and rotating the 
thin section between crossed nicols. The prevailing interference 
color of the section alternates between blue and yellow at 90° inter¬ 
vals, as the direction of preferred orientation of the quartz axes (Z) 
is brought first parallel and then normal to the Z direction of the 
gypsum plate. Other orientation rules are known for quartz in 
mylonites; but this one is so much the most typical that it can be 
used with some assurance in determining the direction of movement 
involved in the development of mylonites. 

There are other mylonites of quite different parentage and compo¬ 
sition. Plagioclase, pyroxenes, olivine, and hornblende are all stable 
at high temperatures. So, if a rock such as gabbro, composed of some 
of these minerals, is intensely crushed at high temperatures (e.g., 
shortly after crystallization from a magma), deformation need not 
be accompanied by chemical changes, and a mylonite may result. 
The occurrence of peridotites in zones of major dislocation is recog¬ 
nized as being very general; and many petrologists believe that such 
rocks are emplaced as hot, almost completely crystalline “magmas" 
squeezed up from the depths along zones of crustal weakness. It is 
not surprising, therefore, to find, in many parts of the world, well- 
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developed zones of dunite mylonite, composed of minutely granu¬ 
lated olivine and having a distinctly laminated and lincated fabric, 
Ordering and traversing large intrusions of peridotite. As these 
mylonites do not contain serpentine or talc, they must have been 
formed at high temperature or in the absence of water. 

The descriptive term augen gneiss h;*s long been applied to 
quartzo-feldspathic rocks of diverse origins in which a fine-grained, 
foliated, often micaceous groundmass encloses megascopic ally con¬ 
spicuous eyes of feldspar. Some augen gneisses are truly my Ion i tic; 
their large feldspars are "porphyroc lasts that have survived the 
granulation that was responsible for the fabric of the surrounding 
matrix. Others are protoclastic in that their fabric developed during 
flow of a plutonic mass during the last stages of crystallization. 
Others are essentially metasomatic, and in these the large feldspars 
(microclinc or oligoclase) have grown under the influence of alkaline 
granitizing fluids. It may be difficult to distinguish in the field be¬ 
tween augen gneisses that are purely mylonitic and those whose large 
feldspars are porphyrohlasts that have formed metasomatic ally dur¬ 
ing or after deformation. Both types arc illustrated in Figure 69. 


Figure 69. 
Augen Gneisses 



A. Kyanite-biotite-feldspar gneiss. Nanga Parbac region, northwestern Himalayas. 
Diam. 8 mm. Kyanite at lower right and at top; at left a large porphyroblast 
of microperthite replacing the groundmass, which is mainly quart/ and oli- 
goclasc. 

B. Cranodiorite gneiss cataclasticallv deformed at high temperature, Catalina 
Mountains, Arizona. Diam. 8 mm. Porphyroclasts of plagioclase (with curved 
lamellae near center), in a granulated matrix of biotite. quart/, and minor 
feldspar. 
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Cataclasites 

The term cataclasite is a useful one for rocks that, while clearly bear¬ 
ing the imprint of predominantly cataclastic deformation, have not 
reached the extreme stage of granulation typical of mylonites. The 
nature of the parent rock is still clearly recognizable from the min¬ 
eralogy and texture of numerous undestroyed fragments. The terms 
(laser gabbro and (laser granite have long been applied by European 
petrologists to cataclasites in which granulated streaks and laminae 
swirl around and between streamlined eyes of undestroyed gabbro 
or 8 ran * lc » as the case may be. As these relic eyes become smaller 
and fewer, and the matrix more intensely granulated and laminated, 
these rocks pass via mylonitic augen gneisses into mylonites. Cata- 
clasitcs derived from plutonic rocks are distinguished in theory 
(though petrographic distinction is difficult) from protoclastic gneisses 



A B c 

Figure 70. Cataclastic Marbles 


A. Phyllonitic calcite marble. Lans bei Innsbruck. Austria. Diam. 2.5 mm. 

B. Calcite marble, Twin Lakes, Sierra Nevada. California. Diam. 2.5 mm. Note 
curvature of { 0112 } lamellae resulting from internal deformation of grains. 

C. Experimentally deformed marble (specimen from Yule Creek, Colorado). 
Diam. 2.5 mm. The specimen was shortened 20 percent parallel to the 
vertical diameter of the figure by plastic flow at 300° C. under a confining 
pressure of 5,000 atmospheres. Note strong development of (0112) lamellae, 
not obviously twinned, at high angles to the axis of compression and sub¬ 
parallel to the plane of elongation of grains. 
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—plutonic rocks microscopically fractured by continuation of mag¬ 
matic flow during the final stages of igneous crystallization. 

Many cataclasites are derived from sedimentary rocks. Since calcite 
deforms readily by plastic flow even at low temperatures, in cata- 
clastic marbles (Fig. 70BC) elongation and bending of grains tend 
to outweigh granulation. The term semischist lias been used lor cata¬ 
clasites representing a transitional stage in the development o! schist 



Figure 71. 
Seinisclmts Derived 
from Arenaceous 
Sediments 


A. Sheared "grit," Dunoon, Scotland. Diam. 7 nun. Relic fractured and strained 
sand grains—quart* (clear) and feldspar (shown stippled)—in a sheared, 
partially recrystal lizcd matrix of while mica, chlorite, quartz, albite, and 
sphenc. 

H. Semischist derived from tuflaceous graywackc. Lake Wakatipu, New Zealand. 
Diam. 7 mm. Relic grains of quartz (clear), augite, and hornblende. Flic 
augites are elongated and partially replaced by sheaths of pale fibrous treino- 
lite. The recrystallized schistose matrix consists of chlorite, epidote, white 
mica, quartz, albite, and sphene. 


from graywackc, sandstone, or tuff (Fig. 71). In these rocks, sedi¬ 
mentary grains of quartz and feldspar, marginally granulated and 
having undulatory extinction, are strewn abundantly through a fine 
matrix composed of granulated quartz and feldspar and minute crys¬ 
tals of newly formed chlorite, epidote, muscovite, pumpellyite, etc. 
The components of the matrix may be difficult to identify, but it is 
clear that cataclastic deformation has been aided to some degree by 
purely chemical processes. 
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Phyllonites 

Phyllonites fphyllitc-mylonites"), like mylonites, are fine-grained 
rocks formed by extreme deformation of originally coarse-grained 
rocks. Reduction in grain size, however, has been followed or accom¬ 
panied by recrystallization of some minerals (e.g., quartz and calcite) 
and growth of others appearing for the first time (e.g., mica, chlorite, 
albite, and epidote). An important element in the evolution of phyl¬ 
lonites is differential movement on closely spaced slip surfaces, which 
soon makes the rock highly schistose. Close, small-scale folding of 
5-surfaces (e.g., relic bedding or early-formed slip surfaces) is charac¬ 
teristic. As deformation proceeds, the limbs of these folds, which in 
many cases are of microscopic dimensions, shear out, and slip move¬ 
ments now continue on what are essentially old 5-surfaces transposed 
by folding into a new direction (Fig. 73A). The end-product of these 
processes—the typical phylIonite—is a rock mineralogically and 
structurally resembling a phyllite (cf. Fig. 72) but differing in origin 
and in some details of fabric. Like a phyllite, it consists of a mineral 
assemblage of low metamorphic grade, commonly belonging to the 
greenschist facies, and the megascopic fabric is dominated by one or 



Figure 72. 
Schistosity in Phyl- 
loniiic Schist 


Fine-grained quartz-albite-epidote-chlorite-muscovite schist derived from 
graywacke. East Otago, New Zealand. Diam. 1 mm. 

A. Section perpendicular to schisiosity and parallel to lineation. 

B. Section perpendicular to both schistosity and lineation. 

Note how (lakes of muscovite and chlorite maintain a more marked pre¬ 
ferred orientation parallel to the lineation than parallel to the schistosity. 
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more well-developed sets of schistosity surfaces, conspicuous by reason 
ol parallel orientation of fine-grained silky mica and chlorite. The 
microscopic fabric is characterized by many and varied indications of 
differential movement: these include crests and troughs of otherwise 
obliterated microfolds marked by local curved trains of bent micas 
trending at high angles to the dominant schistosity: relic augen of 
partially recrystalli/ed mineial aggregates persisting from the pro* 
mctamorphic stage: flat lenses ol reelystalli/ed quart/, within many 
of which the component grains have a strong predated orientation, 
as may be demonstiaied by their similai optical reaction with a gyp¬ 
sum plate between crossed nicols d ig. 7 'SC.). 
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Figure 73. Phvllonitcs 

\. Quartz-muse ovitc-grapliitc phylloniie. near Innsbruck, Austria. Diain. 3 nun. 
Graphite is drawn out along shear surfaces (schistosity) tutting at toss micro- 
folds defined by the trend of the micas. Lenses of granular quartz, within 
each of which the component grains show sub-parallel orientation of < axes, 
at top right and lower left. 

IV Garnet-bearing phylloniie. near Innsbruck. Austria. Diaui. 3 mm. Shear 
bands (sc liistosits) marked l»\ segregation ol individual minerals and bv 
parallel alignment of muscovite flakes. Abundant chlorite shows orientation 
ol tiyst.ds oblique to shear hands. Relic guilts of almandinc garnet, enclosed 
in the quart/ lens at left, are inherited from an earlier period of high-tempera¬ 
ture meiamorphism. 

C'.. Garnet-bearing phylloniie, Dutchess County, New York. Diam. 7 mm. Musco- 
site and minor chlorite in flakes mostly trend obliquely to segregation bands 
(shear schistosity). On the left, part of a lens of granoblaslic quart/ with 
marked preferred orientation of r axes. Two rounded relic grains of almun 
dmc garnet, surviving from an earlier |K-riocI of high temper.uuic inetamor- 
pbism. lilac k flakes are graphite. 
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PhylIonites in some orogenic zones have been formed by rela¬ 
tively late dislocation metamorphism, at low temperature, of rocks 
previously metamorphosed at higher temperature—a case of retro¬ 
gressive metamorphism. Complex mineral assemblages that indicate 
chemical disequilibrium are typical of such rocks. For example, a 
quartz-muscovite-chlorite phyllonite may contain partially destroyed 
coarse relic grains of such high-temperature minerals as garnet, stau- 
rolite, biotite, and andalusite, surviving from earlier metamorphism 
(Fig. 73BC). Marginal chloritization of the first three minerals and 
replacement of andalusite by muscovite supply additional evidence 
of prevailing disequilibrium. The larger grains of the relic minerals, 
moreover, commonly enclose trains of inclusions now inclined at all 
angles to the schistosity of the surrounding phyllonitic matrix, and 
representing the disrupted remnants of j-surfaces belonging to the 
earlier metamorphism. 




Slates , Phyllites, and Schists 
of Low Metamorphic Grade 


Occurrence 

Schists and allied foliated rocks are products of regional metamor¬ 
phism or of local dislocation metamorphism. Their schistose (foli¬ 
ated) fabric bears witness to the important role of deformation in 
their metamorphism. Schists crystallize at temperatures probably 
ranging from about 200“ C. to 700“ or 800“ C. This chapter deals 
only with schists of low metamorphic grade—those that have formed 
within the lower part of the temperature range just cited, corres¬ 
ponding essentially to the gTeenschist and the albite-epidote-am- 
phibolite facies. These rocks are mostly confined to the outer and 
upper zones of areas affected by regional metamorphism. Where 
rocks, as a result of burial, have been uniformly heated to tempera¬ 
tures within the lower part of the metamorphic range, metamor- 
phism may be restricted to very limited areas, in which otherwise 
excessively slow chemical reactions have been accelerated by local 
shearing or by access of chemically active waters. In such areas, there¬ 
fore, low-grade schists may be irregularly distributed and highly 
localized. Examples arc the occurrence of lenses and streaks of talc 
schist in serpentine rock, and the development of glaucophane schist 
m otherwise unmetamorphosed sandstones, diabases, and basalts, 
l ine-grained mudstone, also (a rock sensitive to temperature change), 
may be metamorphosed to slate when associated sandstones show 
only general induration. Indeed, distinction between diagenesis and 
incipient metamorphism of clay sediments is arbitrary. 













SLATES, PHYLLITES, AND LOW-GRADE SCHISTS 


2 1 I 


Mineralogy 

Low-grade schists are composed of mineral assemblages stable within 
the greenschist and the albite-epidote-amphibolite facies. Many of 
them arc hydroxyl-bearing silicates; anhydrous high-temperature 
minerals of the olivine, pyroxene, and plagioclase families are notably 
absent. In pelitic and quartzo-feldspathic schists the mineral assem¬ 
blages are dominated by some combination of muscovite, chlorite, 
biotite (absent from rocks of lowest grade), epidote, quartz, and al- 
bite; potash feldspar is present only in the rather rare quartzo- 
feldspathic schists that have K 2 0 in excess of the quantity necessary to 
combine with all the Al 2 0 3 as micas. Chloritoid, stilpnomelane, and 
manganese garnet, though stable at low temperatures, arc niore re¬ 
stricted in their occurrence, for they appear only in rocks of rather 
special chemical composition. 

Derivatives of basic igneous rocks (grccnschists and albitc-cpidote 
amphibolites) consist principally of albitc, epidote, chlorite, and 
actinolite, with sphene and calcite as common minor constituents. 
Talc, antigorite serpentine, and carbonates are associated in mag¬ 
nesian schists derived from ultrabasic plutonic rocks; limestones 
become altered to calc-schists composed of calcite. dolomite, epidote 
minerals, trcmolite-actinolite, and quartz in various combinations. 

A number of otherwise comparatively rare minerals appear in the 
glaucophane schists, rocks formed by soda metasomatism of such 
varied parent materials as diabase, sandstone, and chert, at tempera¬ 
tures of the greenschist and albite-epidote-amphibolite facies. Among 
these minerals arc blue amphiboles of the glaucophane-ricbeckite- 
actinolite family, sodic pyroxenes of the diopside-jadeite-acgirinc 
series, hydrated Ca-Al silicates such as lawsonite and pumpellyite, 
and almandine-spessartite garnets. Of these only pumpellyite and 
spessartite are widespread constituents of low-grade schists of other 
compositions. 

The commoner mineral assemblages of low-grade schists arc sum¬ 
marized in the table on page 210. 


Slates and Phyllites 

Slates and phyllites (Fig. 74) are fine-grained derivatives of sediments 
that were originally even finer-grained. The common types are there- 
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fore pelitic. Their major constituents are nearly uniaxial white mica, 
pale-green chlorite, quartz, and in some rocks dusty opaque graphite; 
common accessories are tourmaline, rutile, epidote, sphene, and iron 
ores. The presence of tourmaline need not necessarily indicate 
permeation by magmatic solutions or gases, for most marine muds 
contain enough boron to account for the appearance of tourmaline in 
their metamorphic derivatives. The rutile of slates is chemically 
equivalent to the anatase and brookite of many siltstones and mud¬ 
stones. Epidote is abundant only in green slates derived from tuffa- 
ceous sediments, and consequently may be accompanied by albite, 
which in very fine-grained rocks may be difficult to distinguish from 
associated quartz. Iron ores are represented by octahedra of magnet¬ 
ite, cubes of pyrite (Fig. 74B), or scaly aggregates of hematite. 

Highly characteristic of slates is the perfect fissility—slaty cleavage 
—imparted by a single dominant set of j-planes defined by strong 
preferred orientation of mica and chlorite flakes. Slaty cleavage, 
which is really a very regular planar schistosity, may cut relic bed¬ 
ding-indicated by persistent color banding—at any angle. In many 
slates, perhaps in most, the cleavage has developed parallel to sur¬ 
faces of the differential movement (slip or shear) which caused meta¬ 
morphic deformation of the rocks. Slaty cleavage may be accentuated 


Figure 74. 


Phyllites 


A 


B 


A. Pelitic phyllite, Islay, Scotland. Diam. 3 nun. The section, perpendicular to 
schistosity, shows quartz, white mica, chlorite, and minor iron ore. Quartz 
veins trend parallel to schistosity. 

B. P>rite-bearing graphite slate, near Carson Hill. Sierra Nevada, California. 
Diam. 5 mm. Fibrous quartz and a little chlorite have crystallized in "pressure 
shadows” around porphyroblasts of pyrite. Curvature of quartz fibers at 
lower right indicates rotation of the porphyroblast. 
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by microscopic streaks of finely crystalline quartz (Fig. 74A); but it 
is not until the coarser texture characteristic of the phyllite and schist 
stages has been achieved that segregation bands become clearly visi¬ 
ble to the naked eye. Two or more intersecting sets of j-surfaces. refer¬ 
able to different stages of rock deformation, may be distinguished in 
many slates. To the earlier stages belong s-surfaces of pre-crystalline 
or para-crystalline deformation, marked by sharply crystalline unde¬ 
formed aligned flakes of mica and chlorite, which crystallized, in part 
at least, later than the slip movement upon these s-surfaces. Post¬ 
crystalline movement on ^surfaces of later origin partially aligns 
favorably situated flakes of mica and chlorite, which become bent 
and twisted in the process. As such reorienting of mica is restricted to 
the immediate vicinity of post-crystalline slip surfaces, the resulting 
fissility is less perfect than that caused by pre- or para-crystalline 
movements. Some writers designate pre- or para-crystalline 5 -surfaces 
as slaty or flow cleavage, and distinguish them from post-crystalline 
s-surfaces, which are variously termed false, strain-slip, or fracture 
cleavage. These terms are valid only if the relation, in time, of de¬ 
formation to crystallization can be determined (cf. Figs. 53A and 
75B). 

With increasing metamorphism—caused by somewhat higher tem¬ 
perature, longer duration of metamorphic conditions, or greater ac¬ 
tivity of permeating fluids—siatcs pass into phyllites. These arc 
mineralogically similar to slates, but notably coarser in grain, so that 
their micas form large enough flakes to impart a silky sheen to the 
surface of sclnstosity or cleavage. Occasionally the appearance of 
brown biotite in phyllites indicates that temperatures have risen ap¬ 
preciably above those that generally attend the transformation of 
mudstone into slate. The schistosity in a phyllite may be accentuated 
by thin but macroscopically visible segregation bands, alternately 
quartzo-feld»pathic and micaceous, formed by the little-understood 
process of metamorphic differentiation—local concentration of indi¬ 
vidual minerals during chemical reconstitution, influenced by diffu¬ 
sion of fluids along the paths of minimum resistance offered by 
J-surfaces of mechanical origin. 

Mica Schists and Quartz-albite Schists 

Progressive metamorphism of pelitic rocks generally results in grad¬ 
ual transition, with increasing gTain size, from slate through phyllite 
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to mica schist. 1 he range of temperature involved cannot, however, 
be great, for the mineral assemblages of all those rock types are almost 
identical. 1 he typical assemblage of low-grade pelitic mica schist is 
muscovite-chlorite-quartz, with albite, epidote, and calcite as possible 
subordinate members (Fig. 75). The muscovite is coarsely crystalline 
and distinctly biaxial (2V = 20-40°), and tends to occur in composite 
crystals composed of alternating leaves of colorless muscovite and 
bright-green chlorite. With increasing temperature, corresponding 
to the biotite-chlorite subfacies, red-brown biotitc and muscovite 
appear in place of the pair muscovite-chlorite. Chloritoid (ottrelite), 
generally in tabular porphyroblasts crowded with inclusions of 
quartz, is an additional constituent of mica schists deficient in potash 
and high in iron (Fig. 76). Sphene, tourmaline, apatite, magnetite, 
graphite, and manganese garnet are common accessory minerals of 
pelitic mica schists. 

Associated with and grading into the mica schists derived from 
mudstones are low-grade quartzo-feldspathic schists derived from 
rocks of the sandstone family. These contain the same minerals as the 
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Figure 75. Low-grade Schists, Scotland 

A. Calcitc-albitc-chloriie schist, Dunkeld. Inverness-shire. Diant. 2.5 min. Small 
amounts of muscovite and iron ore accompany the main constituents. 

B. Muscovite-chloritc-quartz schist (pelitic), Glen Esk. Angus. Diam. 2.5 mm. 
The main schistosity (horizontal) is crossed by a later strain-slip cleavage 
(vertical) due to microfolding. 

C. Semischist, Falls of Lcny, Perthshire. Diam. 2.5 mm. Partially destroyed relic 
sand grains (mostly quartz) in a schistose matrix of large bent chlorite flakes, 
fine-grained muscovite, and granular magnetite. 
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Figure 76. Politic Chloritoid Schists 

A. Ottrolitc schist. Cure/, Belgium. I)iam. 3.5 mm. Porphyroblasts of ottrelite 
(= chloritoid), showing hour-glass structure clue to local concentration of 
inclusions, in a matrix of quartz, muscovite, and dusty iron ore. Random 
orientation of ottrelite crystals in relation to schistosity points to late crystal¬ 
lization of ottrelite. 

B. Chloritoidandalusite schist, Korea. Diam. 3.5 mm. Crystals of chloritoid— 
many of them twinned in stellate clusters—and small spongy porphyroblasts 
of andalusitc, in a matrix of quartz, muscovite, and minor hiotite. 

C. Chloritoid-muscovite-graphitc-chlorite schist. Shetland Islands, Scotland. Diam. 
3.5 mm. Porphyroblasts of chloritoid have crystallized late and therefore 
enclose trains of inclusions aligned parallel to the previously folded schistosity. 

politic schists, but quail/ and albite arc now predominant, epidote 
more abundant, and micas and chlorite less abundant. The albite in 
rocks of this class seldom contains more than 5 percent anorthite. 
Most KTains are untwinned, but some show a few lamellae twinned on 
either the albite or the pericline law; simple albite twinning of large 
crystals simulates Carlsbad twinning, but may be diagnosed with 
certainty from the very acute angle between {001} cleavages of the 
two twinned halves. 

Schistosity, lincation. and segregation layering (alternation of 
quartzo-feldspathic and micaceous layers) are well developed in most 
schists of this class. Schists from regions of alpine folding generally 
bear the complex imprint of long-continued deformation, in which 
processes of crystallization and rupture have alternately predomi¬ 
nated. Several sets of schistosity surfaces of slightly different age 
may intersect so as to produce a well-defined lincation, which is 
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further emphasized by parallel alignment of axes of microfolds 
affecting relic bedding and early-formed segregation layers. In the 
terminology of structural petrologists such rocks are B-tectonites. 
Their complex fabric has been determined largely by movements 
acting normal to the lineation (B axis), though the rocks as a whole 
usually show clear evidence of some elongation parallel to B. Their 
schistosities are surfaces of slip in the fabric of the rock. There is 
strong preferred orientation of {001} of mica parallel to schistosity 
planes, and crystals that are not so oriented tend at least to lie with 
{001} parallel to the B lineation. Parallel orientation of mica flakes 
is therefore less apparent in sections cut normal to the B lineation 
than in sections parallel to it (cf. Fig. 72). 

Development of mica schist from mudstone involves steady in¬ 
crease in grain size by way of the intermediate slate and phyllite 
stages. Except for color banding due to bedding, no trace of the min¬ 
eralogy and fabric of the parent rock is likely to survive the earlier 
stages of metamorphism. The case of quartzo-feldspathic schists de¬ 
rived from sandstones is somewhat different. Here several stages of 
progressive metamorphism may be recognized by fabric changes, and 
corresponding arbitrarily limited zones may be mapped in the field. 
At an early step, granulation of quartz and feldspar reduces the aver- 
age grain size of the rock, and schistosity begins to develop as slip 
planes become defined in the fabric. At this stage the rock may be 
called a semischist; it consists of an imperfectly schistose aggregate 
of fine quartz, albite, chlorite, muscovite, and epidote, enclosing 
much coarser relic sedimentary grains of strained quartz and saus- 
suritized or sericitized feldspar (Figs. 71AB and 75C). With further 
metamorphism almost all the clastic grains are eliminated, the grains 
of metamorphic and recrystallized minerals become larger, schistosity 
becomes perfect, and lineation also may appear. The rock is then a 
fine-grained phyllonitic schist of phyllitic aspect (Fig. 72). Further 
transition to typical quartz-albite-muscovite-chlorite schist is achieved 
by great coarsening of texture, development of segregation layers, 
microfolding of old schistosities, appearance of new j : surfaces, and 
strengthening of lineation. At this stage the mineralogy and fabric 
of the parent rock have been obliterated. 

Though deformational metamorphism involves a complex inter¬ 
play of ruptural (cataclastic) and crystallizational (crystalloblastic) 
processes, crystallization of most schists seems to have outlasted defor- 
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mation. Schistosities and lineation resulting from slip movement and 
small-scale crumpling during the earlier stages may be rendered more 
conspicuous by late growth of sharply crystallized undeformed tables 
of micas and chlorite, with {001 j aligned in the directions of greatest 
ease of growth afforded by 5-surfaces and lineation of mechanical 
origin. Quartz and feldspar become recrystallized, and this process 
removes most of the obvious traces of internal strain from individual 
grains of these minerals. By contrast there are other schists in which 
undulatory quartz, disrupted grains of feldspar, and twisted micas 
show that internal movements persisted to the close of metainor- 
phism. Where such rocks are composed mainly of quartz, "deforma¬ 
tion lamellae" (surfaces of intracrystalline gliding), marked by 
slightly different refractive index and extinction behavior, tend to 
develop at high angles to the c axes of the quartz grains. The orienta¬ 
tion of the lamellae gives a clue to the direction of slip movements 
in the last stages of rock deformation. 

Much of what has been written above concerning the development 
of schistose fabric in mica schists applies also to schists of higher 
metamorphic grade or of other composition. But it is in the transition 
from sediments to low-grade mica schists and quartzo-feldspathic 
schists that these phenomena can in general be most clearly traced. 


Low-grade Calc-schists 

Both the calcitc and the aragonite of limestones recrystallize in schist¬ 
ose marbles and calc-schists as coarse-grained calcite, which may be 
associated with such minerals as quartz, albite, muscovite, an epidote 
mineral, sphene, and chlorite, representing siliceous and argillaceous 
impurities in the parent limestone. Dolomite, like calcite, recrystal¬ 
lizes in marbles of low-to-medium metamorphic grade, provided 
silica is absent; but even at rather low metamorphic temperatures* it 
will react with any silica that may be present to form tremolite, 
diopside, or grossularite. In the temperature range of the greenschist 
facies, assemblages formed by metamorphism of dolomitic limestone 
are: calcite-dolomite (with quartz at low temperatures only); calcite- 
dolomite-tremolite; calcite-tremolite-epidote-quartz. At higher tem- 

• The temperature of any specific reaction between a carbonate and silica depends 
upon the pressure of CO, maintained in the pore fluid. Increase in the pressure of 
CO, increases the temperature necessary for reaction. 
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peratures, corresponding to the albite-epidote-amphibolite facies, the 
stable assemblages are: calcite-dolomite-tremolite; calcite-tremolite- 
epidote-quartz; calcite-grossularite-diopside; calcite-diopside-idocrase- 
quartz. Sphene, colorless mica, and albite are possible minor 
constituents in rocks of both facies. 

Foliation in calc-schists and in schistose marbles is marked by par¬ 
allel elongation of irregularly bounded lensoid grains of calcite or 
dolomite, and by preferred orientation of mica flakes when mica is 
present in any quantity. It may be accentuated by a banded structure 
due to alternation of coarser and finer streaks of carbonate. In many 
such rocks the finer streaks represent material that has been granu¬ 
lated by shearing and has recrystallized after deformation ceased, 
while the coarser streaks are composed of strained carbonate in proc¬ 
ess of granulation (Fig. 70A). Lamellar twinning is common in the 
calcite and dolomite of deformed rocks, and is assumed to have devel¬ 
oped by twin gliding during plastic deformation of individual grains. 
The closely packed, sometimes bent lamellae of strained, cloudy, 
coarse-grained calcite must certainly be of deformational origin. But 
sparse broad lamellae of clear recrystallized carbonates could con¬ 
ceivably have developed in an unstrained medium. In calcite the 
twinning plane is the flat rhombohedron (01 F2), and there is a strong 
tendency for only one or two of the three possible sets of lamellae to 
develop in any one grain. In dolomite, twinning is markedly less 
common, and the lamellae are parallel to the steep rhombohedron 
(0221). Where both minerals are present, twinned grains of the two 
species may be distinguished by their extinction angles, measured 
between the fast direction X' and the trace of the twin lamella. Sec¬ 
tions suitable for this purpose show pronounced change of relief when 
rotated in polarized light, and also show sharply defined twin lamel¬ 
lae. They cut the twin lamellae at high angles and are inclined at 
low angles to the optic axis X. The angle between X' (the vibration 
direction for which the refractive index is low) and the trace of the 
twin lamellae is greater than 55° in calcite, and generally between 
20° and 40° in dolomite. Where one grain shows two sharply defined 
sets of lamellae, X' lies in their obtuse angle of intersection (about 
135°) in calcite, but in the acute angle (about 80°) in dolomite. 
Where recrystallization has outlasted deformation, dolomite may 
occur as idioblastic rhombs bounded by (10l 1}—a habit unknown in 
metamorphic calcite. 
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Greenschists 

Greenschists arc products of regional or dislocation metamorphism 
of basic and semi-basic igneous rocks at low temperatures. They are 
schistose green rocks, whose color is due to abundance of one or more 
of the green minerals chlorite, cpidote, and actinolite. Segregation of 
chlorite-epidote-actinolite laminae, alternating with white layers 
rich in albite, is characteristic. 

Typical mineral assemblages (Fig. 77) arc: chlorite-epidote-albite- 
(calcite); chlorite-epidoteactinolite-albite; actinolite-epidote-albite. 
The plagioclase in rocks of low metamorphic grade is almost lime-free 
albite (An 0 7 ). It may occur as a mosaic of shapeless grains, or in large 
idioblastic porphyroblasts enclosing parallel strings of cpidote or 
actinolite needles. Where crystallization of albite has been mainly 
post-deforma tiona I, these strings of inclusions trend roughly parallel 
to the schistosity of the surrounding matrix; but where, as frequently 
is the case, deformation and crystallization have proceeded simul¬ 
taneously, the growing porphyroblasts of albite have slowly rotated 
in the yielding chloritic matrix, and the strings of inclusions have 
assumed an S-likc pattern which reflects the direction and sense of 
rotation. Metamorphic albite, in contrast with igneous plagioclase, 
tends to be untwinned, superficially resembling quartz except lor its 
lower refractive index (less than for Canada balsam) and biaxial 
character. Where twinning is developed, it almost invariably follows 
either the albite or the pericline law; simple twinning in porphyro¬ 
blasts. though easily mistaken for Carlsbad twinning, in most cases 
follows the albite law (in a section normal to the a axis the {001} 
cleavage traces in opposite halves of a twin intersect at an angle of 
only 8°). The chlorite of greenschists varies somewhat in composition 
but most commonly is a ferruginous prochlorite with strong ple- 
ochroism, relatively high refractive index (1.61-1.63), small axial 
angle, positive sign, and brownish-to-purple anomalous interference 
colors. Some varieties have slightly higher refractive index (1.63- 
1-64). negative sign, and anomalous blue interference colors. The 
cpidote ranges from yellow iron-rich types to nearly colorless clinozo- 
isite (with anomalous blue interference tints), the latter becoming 
more widespread as the gTadc of metainorphism advances. The epi- 
dote minerals tend to occur as idioblastic prisms elongated (parallel 
to V) in the directions ol schistosity and lineation. The actinolite 
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Figure 77. Creeiuchuu (Low-grade Basic Schists), Lake Wakatipu, New 
Zealand r 

A. Aibite-stilpnomelane-chlorite-epidote schist. Diain. 2 mm. Deep-red-brown 
stilpnomclane (7=1.73) is associated with a smaller quantity of green 
prochlorite ( 7 = 1.62). The small, highly refractive prisms are epidote; the 
granoblastic colorless matrix is albite. 

B. Actinolite-albitc-cpidote-chlorite-calcite schist. Diam. 2 mm. Slender porphyro- 
blastic prisms of decp-blue-green actinolite. optically distinguishable from 
hornblende only by somewhat lower refractive index ( 7 = 1.65-1.66); xeno- 
blastic non-twinned albite; small prisms of yellow, iron-rich epidote; 
xenoblastic calcitc with widely spaced thin <01 T 2 > lamellae; deep-green 
prochlorite; accessory sphene and apatite. 

C. Albite-epidote-cniorite schist with accessory sphene, apatite, and magnetite. 
Diam. 2 mm. 


takes the form of slender prisms and needles bounded by (110) and 
imperfectly terminated. In some rocks it is of a pale-green tremolitic 
variety; but much more typical is a strongly colored mineral that is 
pleochroic from pale yellow (X) to deep blue-green (Z) and optically 
indistinguishable from the blue-green aluminous hornblendes of 
amphibolites. These blue-green actinolites contain appreciable Fe 2 O a 
and small amounts of Na 2 0, but in contrast with hornblendes are 
low in Al 2 O a . 

Among the minor constituents present in almost all greenschists 
are sharply crystallized octahedra of magnetite, rounded drop-like or 
spindle-shaped grains and granular clusters of sphene, and prismatic 
crystals of apatite. Quartz is common in small quantities and may be 
plentiful, along with greenish biofite, in rocks derived from tuffs. 
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Stilpnomelane (Fig. 77A) is widely distributed and occurs especially 
as sheaves of tabular crystals that have grown in the schistosity 
surfaces after deformation ceased. It has been generally misidentified 
as biotite, from which it may be distinguished, however, by transverse 
fractures cutting across the perfect {001} cleavage, by higher bire¬ 
fringence (about 0.08-0.10), and by details of color and pleochroism 
(typically from deep golden-brown to dark reddish-brown). Another 
rather common mineral that is likely to be overlooked is pumpellyite. 
This somewhat resembles some members of the epidote family (re¬ 
fractive index 1.68-1.71, birefringence 0.01-0.014, elongation parallel 
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Figure 78. Low-grade Ferruginous Schists, Lake Wakatipu, New Zealand 

A. Quartz-muscovitc-picdmontite schist, derived from manganiferous chert. Diam. 
1 mm. The principal constituent is quart/, which builds a mosaic of polygonal 
grains. Foliation is marked by thin bands composed of muscovite or of pied- 
montite and magnetite. Picdmontite is in idioblastic prisms with striking 
pleochroism (X = canary yellow; Y = pale amethyst; Z = deep wine red). 
Accessories include colorless, tourmaline—in tiny slender prisms in the 
piedmontite-rich bands—and rutile, small twinned prisms of which are 
closely associated with the iron ore. Barite (not shown in this figure) may 
also be present. Note absence of albite. 

B. Magnetite-garnet-cpidote-actinolite schist, derived from sedimentary iron- 
manganese ore. Diam. 2 mm. Dense aggregates of manganiferous garnet 
enclosing yellow epidote; acicular blue-green actinolite and minor inter- 
grown prochlorite; porphyroblasts of magnetite. 

C. Quartz-garnet-stilpnomelane schist derived from ferruginous chert. Diam. 
1 mm. Deep-red-brown stilpnomelane, small idioblastic dodccahedra of nearly 
colorless manganiferous garnet, minor muscovite, and a granoblastic matrix 
of quartz. Note absence of albite. 
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to V), but where sufficiently coarse-grained may be recognized by its 
pleochroism (X and Z nearly colorless, Y from bluish-green to grass- 
green) and by interference figures in sections perpendicular to Bx a or 
t° an °P l ' c ax * s (2^ about *10°, sign -J-, dispersion very strong with 
r < v )- ^ ome greenschists contain enough MnO to cause spessartite 
garnet to appear as an additional accessory. 

Locally associated with greenschists in many parts of the world 
are iron- and manganese-rich schists derived from ferruginous cherts. 
In these rocks various combinations of the minerals magnetite, hema¬ 
tite, stilpnomelane, spessartite garnet, and the pink manganese epi- 
dote piedmontite are major constituents associated with quartz. 
Barite and colorless tourmaline arc common accessories, which point 
to initial adsorption of barium and boron from sea water by the 
parent silica gel precipitated on the sea floor. Some typical ferrugi¬ 
nous schists are illustrated in Figures 78 and 79. 

Alhite-epidote amphibolites have the same mineralogy as the 
actinolitic greenschists. except that the blue-green amphibole is 
aluminous hornblende, and garnet may be present. 



A B C 


Figure 79. Low-grade Metamorphosed Cherts 

A. Quartz-hematite schist, Colombia, South America. Diam. 3 mm. 

B. Piedmontite-quartz-calcite-muscovitc schist containing a little manganiferous 
garnet. Chichibu, Honshu. Japan. Diam. I mm. 

C. Crossite-acgirite-quartz schist, near contact between serpentine rock and chert, 
Coast Ranges. California. Diam. I mm. Knots of fibrous deep-green aegirite 
form nuclei from which radiate needles of deep blue crossitc. The grano- 
blastic matrix is of quartz. 
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Magnesian Schists 

Peridotites are very susceptible to metamorphism in the presence of 
water at low and moderate metamorphic temperatures. The nature 
of the resultant mineral assemblage depends partly on temperature 
and pressure, but much more upon the quantity ol water available 
(pressure of water vapor) and upon the content of Si0 2 , C0 2 , and 
other dissolved materials in the aqueous fluid which is essential for 
this type of metamorphism. In the absence of water, olivine and en- 
statite would recrystallize without change in a sheared peridotitc. 
But if Si0 2 and C0 2 are available in an aqueous fluid copiously 
streaming through the intergranular pores as deformation proceeds 
at low temperatures, the chemical composition ol the rock may be 
profoundly altered, and any one of several alternative mineral as- 
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Figure 80. Low grade Magnesian Schists 

A. Chlorite-talc schist, Academy Quadrangle, Sierra Nevada, California. Diani. 
2.5 nun. Large idioblastic flakes of pale-green chlorite lie in a matrix of 
tufted platelets of talc. The rock has formed by low-temperature hydro- 
thermal metamorphism of amphibolite, at a contact with quartz-diorite 
pegmatite. 

B. Chlorite-talc-tremolite schist, same locality as A. Diam. 2.5 mm. The main 
constituents are coarse colorless prisms of tremolitc and flakes of pale-green 
chlorite. The interstitial fine grained material is talc. 

C. Magnesite talc schist formed locally within serpentine rock. Soapstone Hill, 
Bidwell Bar Quadrangle. Sierra Nevada. California. Diam. 2.5 mm. Note the 
subidioblastic rhombohcdral form of the central grain ol magnesite. 
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semblages may develop Each of these assemblages is stable at low 
metamorphic temperatures. Each has crystallized in a particular 
chemical environment conditioned by the pore fluid. Typical end- 
products are antigorite schists, actinolite-talc schists, soapstones (talc- 
carbonate rocks), and quartz-carbonate rocks. Some of these are il¬ 
lustrated in Figure 80. 

The kind of chemical transformation involved is indicated quali¬ 
tatively in the accompanying table, added materials being indicated 
in parentheses on the left, and materials removed in solution being 
indicated similarly on the right, of each equation. 


Reaction (no volume change) 


Resulting assemblage 

(1) olivine ( + SiO* -f H*0) —* antigorite ( — MgO) 


antigorite 

(2) antigorite ( + SiO,) -♦ talc ( — MgO) 

(3) augite + enstatitc (+ H*0) —* actinolite 


antigorite-talc 

+ chlorite 


actinolitc-chloritc 

(4) olivine ( + SiO, + CO* -f H*0) -• antigorite 

% 


+ talc + magnesite ( — MgO) 


antigorite-talc- 

(5) antigorite ( + CO*) -• talc + magnesite ( - H*0) 


■ carbonate; 

(6) antigorite ( + CaO + CO*) —• talc + dolomite 


talc-carbonate 

(- MgO) 

(7) talc ( + CO*) —♦ magnesite -f quartz ( - SiO*) 

J 

I 


(8) talc ( + CaO + CO,) — dolomite ( - MgO - SiO,) 

(9) antigorite ( + CO,) —• magnesite -f quartz ( — SiO,) 

J 

quartz-carbonate 


The serpentine mineral of all magnesian schists is antigorite, 
characterized by a flaky micaceous habit and (001) cleavage. Antig¬ 
orite can also be described as the colorless non-aluminous end mem¬ 
ber of the chlorite series. Where peridotites have first been hydrated 
to serpentine rock and this has subsequently been deformed to give 
a magnesian schist, chrysotile and other serpentine minerals be¬ 
longing to the first stage of alteration recrystallize as a mass of antig¬ 
orite flakes.* Chlorites formed by metamorphism of aluminous mag¬ 
nesian silicates such as augite are generally pale-green, pleochroic, and 
much more weakly birefringent than antigorite. Talc is readily dis¬ 
tinguished by its micaceous habit and high birefringence, and is 
uniaxial and negative. Dolomite and magnesite are not readily dis¬ 
tinguished from each other. Both usually occur as shapeless un¬ 
twinned grains; but either mineral may have a rhombohedral habit 


• Somewhat elevated temperature (albiic-epidotc-amphibolitc facies) also seems to 
favor crystallization of antigorite. 
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(bounded by (10T1}), which differentiates it from calcite (Fig. 80C). 
The typical amphibolc of magnesian schists is pale-green actinolite or 
colorless tremolite. Cummingtonitc (optically almost identical with 
these) and anthophyllite (distinguished by straight extinction) are 
not uncommon. Extreme deformation of tremolite rock may cul¬ 
minate in the formation of lenses and streaks of nephrite, composed 
essentially of intricately twisted and felted tufts of minute tremolite 
fibers. 

Less commonly talc schists may form by low-temperature hydro¬ 
thermal introduction of magnesia into rocks of such varied composi¬ 
tion as amphibolite (Fig. 80A) and <]uart/ monzonite. 

Glaucophanc Schists 

Rocks of the glaucophane-schist family are characterized by the pres¬ 
ence of a sodic amphibolc of the glaucophane-riebcckite series, or a 
sodit pyroxene, associated with any of a great variety of metamorphic 
minerals, most of which occur elsewhere in rocks of the greenschist 
and the albite-cpidote-amphibolite facies. In many regions individual 
occurrences arc strictly localized. This is so in the Mesozoic rocks of 
the California Coast Ranges, where glaucophane schist passes within 
a few yards into unmetamorphosed diabase or sandstone. Glauco¬ 
phane schists arc derived from rocks of very diverse composition, 
including diabase, basalt, sandstone, and ferruginous chert. Their 
peculiar mineral composition cannot be satisfactorily correlated witli 
special physical conditions of metamorphism such as temperature or 
pressure, nor with unusual composition of the parent rock. Their min¬ 
eralogy and field associations may rather be attributed to metasomatic 
activity of aqueous solutions of peculiar (probably sodic) composition 
at low-to-medium metamorphic temperatures, because glaucophane 
schists are frequently associated with intrusive bodies of serpentine 
rock, some writers have concluded that the agent of metasomatism is 
a sodic aqueous solution expelled from the ultrabasic "magma” now 
represented by serpentine rock. Hut in detail the field association of 
the two rock types is not so close as has sometimes been assumed. 
More probably the metasomatism of both peridotite (in its transfor¬ 
mation to serpentine rock) and glaucophane schist is effected by 
waters rising from some deep seated source along fractures and zones 
of crushing, which in places have also afforded paths of intrusion for 
the ultrabasic bodies. 
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Some typical mineral assemblages of the glaucophane-schist family 
(Figs. 81 and 82) are as follows: 

Glaucophane-muscovite-chlorite (sphene) 

Glaucophane-epidote-muscovite (quartz, sphene) 

Crossite-epidote-muscovite 

Glaucophane-epidote-garnet 

Glaucophane-albite-chloriteepidote-sphene 

Glaucophanequartz-stilpnomelane 

Glaucophane-pumpellyite-chloriteepidote 

Glaucophane-lawsonitepumpellyite 

Glaucophane-lawsonite-chlorite-quartz 

Glaucophane-lawsonitc-pyroxenc 

Glaucophane-pumpellyite-pyroxcnc 

Glaucophane-pyroxene-garnet 

Albite-glaucophane-jadeite 

Grossitc-aegirite-garnet-quartz 

Glaucophane-trcmolite-calcite 
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Figure 81. Glaucophane Schists 

A. Glaucophane-muscovite-chlorite schist with abundant sphene, Coast Ranges, 
California. Diam. 3 mm. 

B. Garnet-bearing glaucophane schist. Coast Ranges, California. Diam. 2 mm. 
Pink almandine garnet, partially replaced and enclosed by chlorite; mus¬ 
covite associated with chlorite in the vicinity of garnet; abundant glauco¬ 
phane enclosing granular epidotc and sphene. 

C. Glaucophane-epidote-quartz schist. Monument, Anglesey, North Wales. 
Diam. 2.5 mm. A train of hematite flakes at upper right. Elsewhere in section 
(not shown in figure) is abundant granular sphene. 
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Figure 82. Lawsonite and Glaucophane Schists, California Coast Ranges 

A. Quartz-lawsonice-crossite schist. San Onolre breccia. Laguna. Diani. 2 mm. 
Needles of deep-blue crossite, stumpy prisms of lawsonite. granoblastic quartz, 
accessory iron ore. and granular sphenc. 

B. Lawsonite-chlocite-epidote schist. North Berkeley Hills. Diam. 2 mm. Large 
porphyroMasts of lawsonite elongated parallel to the <1 axis and tabular 
parallel to { 001 }; colorless iron-poor cpidote, green chlorite, finely granular 
sphene. 

C. Jadeite-glaucophane albite schist. Sebastopol Quadrangle, California. Diam. 
2 mm. Subradiate clusters of colorless jadeitc, prisms of pale glaucophanc, and 
shapeless grains of albite. 


in California and elsewhere concentration of individual minerals 
into monomineralic veinlets testifies to the high mobility of many 
types of ions during meiamorphism. Vcins composed of albite, glauco- 
phane, pumpellyite, lawsonite, chlorite, ac tinolitc, or diopside jadeitc 
are common. Moreover, joints are coated with weII•developed crystals 
of such minerals as albite, lawsonite, zoisite, sphene, apatite, rutile, 
and glaucophane. 

(•laucophane is readily recognized by its pleochroism (X from 
pale yellow to colorless, V violet or lavender-blue, Z deep blue), posi¬ 
tive elongation, and small extinction angle. It occurs in long simple 
prisms, commonly zoned and passing into colorless tremolitic am- 
phibole. Partial replacement by chlorite is sometimes seen. Crossite, 
which is intermediate in composition between glaucophane and rie- 
beckite, deeper in color (Y dark blue, Z deep violet-blue), nearly 
uniaxial, and negative. The common pyroxene of glaucophane schists 
is a sodic diopside, pale green, with high extinc tion angle (Z to t = 
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1 1 ’ to 54 °) ; lar S e axial angle (2V = 65-80°), and positive sign. It has 
been identified as omphacite (diopside-jadeite); but at least in some 
cases its properties suggest transition from diopside toward aegirite 
rather than toward jadeite. Aegirite itself seems to occur most com¬ 
monly in metamorphosed cherts (quartz-aegirite-crossite) of this 
family (Fig. 79C). Colorless jadeite, distinguished by relatively low 
birefringence (0.012-0.15), large optic axial angle (2V = 70-80°; 
+)• slron S dis P<‘™on and extinction angle (Z to c = 35°), occurs in 
some glaucophane schists (Fig. 82C) or as veins in these. The pum- 
pellyite in glaucophane schists is readily identified by its pleochroism 
(from colorless to pale apple-green) and distinctive Bx 0 interference 
figure (2V = 40°; dispersion extreme, r < v; sign +). Lawsonite 
tends to occur as porphyroblasts or concentrated in veinlets. It is 
generally colorless and has perfect { 001 } and {010} cleavages, lamel¬ 
lar twinning on {110}, and bright polarization tints between crossed 
nicols. It is distinguished from colorless members of the epidote fam¬ 
ily by its lower refractive index and by uniformity of interference 
color within a single crystal. Where garnet is present, it is generally a 
pale-pink almandine, in some cases rather magnesian, in others rela¬ 
tively rich in manganese. It may be partially replaced by chlorite or 
stilpnomelane—especially in those glaucophane schists which appear 
to have formed by retrogressive metamorphism of garnet-pyroxene 
r<x:ks having affinities with eclogite. The common titanium mineral 
of glaucophane schists is sphene, but rutile is not uncommon. Rutile 
may occur as rounded drops enclosed in garnet, as partially destroyed 
relics surrounded by derived granular sphene, or as sprays of slender 
prisms on joint faces, especially where these cut garnet-pyroxene rock. 

In the absence of chemical analyses or of directly observed field 
transitions, it may be difficult to determine the parentage of a given 
glaucophane schist on a purely mineralogical basis. In general, how¬ 
ever, schists derived from basic igneous rocks tend to be rich in a 
glaucophane mineral and in lawsonite or epidote; those derived from 
sandstone to be rich in muscovite, albite, and quartz; and those de¬ 
rived from calcareous sediments to be rich in calcite. Metacherts are 
very rich in quartz, and a high original content of iron tends to be 
reflected in the presence of crossite, aegirite, and in some cases stilp¬ 
nomelane and garnet. Abundance of garnet and of pale-green py¬ 
roxene may be correlated, at least in some cases, with derivation from 
the eclogitic rocks referred to in the preceding paragraph. 
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High-grade Schists, 
Amphibolites, Granulites, 
and Eclogites 


Occurrence 

Foliated rocks of high metamorphic gTade are generally products of 
regional metamorphism involving deformation at high temperatures 
and pressures. They are extensively developed in pre-Cambrian ter- 
ranes and also outcrop in the inner, originally deep-seated zones of 
eroded fold-mountain belts. In both situations they may be associated 
with large bodies of granitic rocks,* and intimate admixture of a 
granitic and a metamorphic component to form migmatites may 
occur either locally at margins of granitic bodies or on a regional 
scale. In some places the granite is clearly intrusive into the schist, 
and a marginal aureole of contact metamorphism has been super¬ 
posed upon the earlier metamorphism of the invaded schist. Such 
granites have been variously described as “younger," “post-kinetic," 
and "post-tectonic" granites. Elsewhere the granitic masses share the 
foliation of adjacent schists, migmatites are developed on an extensive 
scale, contacts between the granitic and the metamorphic components 
of the complex are indistinct, and the broad structural picture sug¬ 
gests that the host rock was undergoing deformational metamorphism 
while the associated granite was being emplaced. Such granites have 
been described as "older" or "synkinematic" granites, and they have 
been variously interpreted as due to intimate intrusion of granitic 
magma, to partial fusion oi metamorphic rocks in place, or to meta¬ 
somatism (granitization) of solid rocks in an extreme stage of 
metamorphism. 

• rim term is commonly applied 10 siliceous plutonic rocks ranging from granite to 
gr.inotliornc and quartz dioritc in composition. In this chapter all such rocks are 
referred to as granites. 
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The following petrographic discussion is confined to strictly meta- 
morphic rocks—that is, to those which have remained essentially 
solid during development of their present mineral composition and 
fabric. But it must be remembered that many such rocks are inti¬ 
mately associated with, and grade imperceptibly into, foliated rocks 
of granitic or granodioritic composition, some of which have probably 
crystallized from a magma whereas others may have formed by meta¬ 
somatism. 

Mineralogy 

In this chapter we have grouped together metamorphic rocks that 
have crystallized over a wide range of temperature and pressure, 
loosely covered by the phrase "high-grade metamorphism.” The 
metamorphic facies concerned are the amphibolite, granulite, and 
eclogite facies, of which the first two are by far the most important. 
It is generally believed, though this is speculation, that the granulite 
and eclogite facies represent higher temperatures and pressures than 
the amphibolite facies. Within the latter several subfacies have been 
recognized on the basis of critical assemblages of minerals in sen¬ 
sitive rocks (e.g., pelitic and basic schists), and a considerable range in 
temperature has been inferred from these. Such subfacies need not be 
discussed in detail for the purposes of this book. 

In the amphibolite facies the pelitic schists, contain conspicuous 
biotite and muscovite, and most of them also contain almandine 
garnet, staurolite, kyanite, or some combination of these. The pres¬ 
ence of staurolite (like that of chloritoid at lower grades of meta¬ 
morphism) indicates deficiency in potash combined with a rather 
high content of iron. In rocks of the highest grade within the amphib¬ 
olite facies, sillimanite appears instead of kyanite. Feldspars are stable 
but minor constituents of pelitic mica schists; they become promi¬ 
nent, however, in schists of the quartzo-feldspathic class. They in¬ 
clude orthoclase or microcline and a rather sodic plagioclase. Even 
in rocks relatively rich in lime, such as amphibolites, oligoclase or 
andesine consistently appears, apparently in a state of equilibrium 
with associated epidote or clinozoisite. In schists and amphibolites 
derived from basic igneous rocks and impure dolomitic and tuffa- 
ceous sediments, the most typical mineral is hornblende; the pair 
hornblende-plagioclase is, in fact, the critical stable assemblage of the 
amphibolite facies, though of course it is not present in all rocks of 
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that facies. Anthophyllite occurs only in magnesian schists. The pair 
diopside-epidote and the assemblage diopside-grossularite-calcite 
are characteristic of calcareous rocks. Quartz is a possible member of 
all the mineral assemblages noted above and is especially abundant in 
rocks derived from sandstone and mudstone. 

In the granulite facies, micas and amphiboles are rare or absent. 
In place of the micas we find perthitic orthoclase associated with an 
aluminous silicate such as almandine. kyanite, or sillimanite, and in¬ 
stead of hornblende we find pyroxenes (hypersthene ?nd diopside). 
Plagioclase, calcite, and quartz remain stable; but grossularite and 
epidote minerals are usually absent. Rutile is a common accessory. 
Olivines, corundum, and spinels occur in rocks that arc deficient in 
silica. The differences in mineralogy between the amphibolite and 
the granulite facies are perhaps due to the latter’s having crystallized 
at higher temperatures and pressures. It is obvious, however, that 
assemblages of the granulite facies are less hydrous than those of the 
amphibolite facies, so that low pressure of water vapor in the granu¬ 
lite facies may be an equally important factor. Where rocks of the 
two facies are closely associated, as they seem rather commonly to be, 
difference in their mineral content may well be the result of variation 
in pressure of water vapor as well as in temperature. Retrogres¬ 
sive metamorphism of granulite assemblages to amphibolite assem¬ 
blages under the influence of water at somewhat reduced tempera¬ 
ture is a likely explanation in some instances. 

Rocks of the eclogite facies are rather restricted in areal extent, 
and they have a limited range of chemical and mineral composition. 
Their diagnostic mineral assemblage is garnet-pyroxene; the garnet 
is a magnesian member of the pyrope-almandinc series, and the py¬ 
roxene is omphacitc (intermediate between diopside and jadeite). 
Many eclogites contain kyanite and rutile. 

Common mineral assemblages in high-giade schists, granulites, and 
eclogites are summarized in the table on page 232. 


High-grade Pelitic Schists 

Even at high grades of metamorphism conducive to development of 
a coarsely crystalline fabric, pelitic schists are strongly foliated rocks, 
whose ready fissility is produced by abundance of sub-parallel crys¬ 
tals of mica. Segregation layering and lineation are normal elements 
in the rock fabric. The regularity of all these parallel structures tends, 
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however, to be disturbed by the presence of large porpliyroblasts of 
garnet, staurolitc, kyanite, or alkali feldspar. 

Micas are invariably present—usually deep-red-brown biotite ac¬ 
companied by muscovite. In schists of potassic composition the typi¬ 
cal assemblage is biotite-muscovite-orthoclase-plagioclase-quartz. But 
more commonly the ratio AI-..() 3 /K-..() is too high to permit the pres¬ 
ence of potash feldspar, and one or more aluminous minerals (garnet, 
staurolitc, kyanite, sillimanite) are then associated with cjuart/ and 
mica (Figs. 83 and 84). Of these, pink ahnandine garnet is most typi¬ 
cal. It tends to form sharply bounded porpliyroblasts, and may en¬ 
close spiral trains of inclusions whit h inditate that the «1 ystals rotated 
while they were growing (Fig. 51 A). Staumlite, conspit nous by virtue 
ol its golden-yellow pleochroism, cioss-shaped twins, and coarse por- 
phyroblastic habit, is more restricted in its occurrence. It is almost 
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Figure 83. High grade Pclitic Schists 

A. Almandine-biotitc-plagioclase schist. sillimanite /one. Scottish Highlands. 
l)iam. 4.5 mm. 

B. Staurolitc-l>iotite-muscovite-c|uart/ schist, near Innsbruck, Austria. Diam. 4.5 
mm. I lie central porphyroblast ol golden staurolite is marginally altered to 
finely divided white mica (retrogressive ineta morph ism involving introduc¬ 
tion of potash). 

C. Kyanite-staurolite-almandinc-muscovite schist with minor biotite and quart/. 
Gassets, Vermont. Diam. 3 mm. Pale-pink ahnandine at right and top left 
margins; golden staurolite. lacking cleavage, at top right and lower right; 
kyanite prisms have well developed cleavage (the crystal at lower left is cut 
parallel to { 100 } and shows a nearly centered negative bisectiix figure; ex¬ 
tinction is at 30° to the cleavage). 
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Figure 84. High-grade Pelitic Schucs 

A. Almandine-staurolite-muscovite schist, Morgan Station, Pennsylvania. Diam. 
6 mm. Minor minerals are quartz and brown biotite, the latter locally re¬ 
placed retrogressively by chlorite. 

B. Sillimanite-quartz schist, Bellinzona, Italy. Diam. 2 ram. Contains minor 
iron ore and microcline (lower right). 

C. Kyanitc-biotitc-quartz-andesine schist, Bellinzona, Italy. Diam. 3.5 mm. Quartz 
shows undulatory extinction; andcsine is somewhat turbid (at right). Rare 
flakes of muscovite (near upper crystal of kyanite), and a single zircon en¬ 
closed in biotite. 


always associated with garnet and micas in rocks of rather high iron 
content. Kyanite appears mainly in garnet-mica schists and only 
near the top of the temperature range within the amphibolite facies. 
Kyanite crystals tend to develop strong preferred orientation with 
{100} in the plane of schistosity. Consequently, in a thin section cut 
parallel to the schistosity colorless prismatic sections of kyanite are 
easily distinguished by their orientation normal to X, the presence 
of two cleavages intersecting at 90°, and inclined extinction (Z to c 
= 30°); but in sections cut normal to the schistosity kyanite prisms 
give nearly straight extinction and may be hard to distinguish from 
orthorhombic pyroxene. Sheaves of sillimanite prisms (Fig. 84B) 
develop, often at the expense of biotite, only in schists of very high 
grade, and mostly in close proximity to granitic rocks. The usual 
accessory minerals of pelitic schists are tourmaline, apatite, zircon, 
and opaque ores. 

Mineralogical and textural features arising from metasomatism 
may be shown by pelitic schists in migmatite zones or near granite 
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contacts. Especially common is development of porphyroblasts of 
potash feldspar or oligoclase at the expense of mica, in places where 
alkali has been introduced from gTanite or some other external 
source. In the field it is sometimes possible to demonstrate complete 
transition from pelitic mica schist to granite, with porphyroblastic 
schist and feldspathic augen gneiss as intermediate stages. Such granit- 
ized pelitic schists tend to show microscopic intergrowths of vermicu¬ 
lar quartz with muscovite, biotitc, or oligoc lase. The name "myrme- 
kite” has been applied to quartz-oligoclase intergrowths of this kind 
replacing potash feldspar. 

Pelitic mineral assemblages seem to be especially sensitive to 
change of temperature and pressure. Instances of polymetamorphism, 
therefore, are by no means unusual in such rocks and leave their 
record in mixed assemblages of minerals. In polymetamorphic pelitic 
mica schist, cordierite or andalusite, "anti stress minerals" typical of 
hornfelses, may be associated with "stress minerals" such as staurolite 
and garnet. From the degTee of deformation and metasomatic altera¬ 
tion exhibited by the cordierite and andalusite. it is possible in most 
cases to tell whether these minerals belong to an episode of contact 
inctamorphism that preceded, or to one that followed, the defor- 
mational phase of metamorphism responsible for staurolite and 
garnet. A very common case arises by mineralogical adjustment of 
high-grade pelitic schists to falling temperature (retrogressive meta- 
morphism) under the catalytic influence of percolating solutions or 
late shearing movements. Among the changes thus produced are 
chloritization of biotite and garnet, conversion of staurolite to chlo- 
ritoid or chlorite, and partial replacement of kyanite by muscovite. 
Where chlorite completely replaces biotitc, its secondary origin is 
indicated by enclosed webs of acicular rutile or strings of granular 
splfene representing titanium set free in the process, or by persistence 
of pleochroic haloes inherited from the parent biotite. 


Quart/o-feldspathic Schists and Granulites 

High-grade foliated rocks composed mainly of quartz and feldspar 
are coarser-grained and poorer in mica than pelitic schists, and there¬ 
fore are less fissile and less regularly schistose. Terms such as "gneiss," 
leptynite," granulitc," "leptite," and "quartz schist" have been 
applied to them. Here we follow current European usage in restrict¬ 
ing use of the term granulite" to rocks of a particular high-tempera- 
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ture facies, characterized by general lack of mica and hornblende 
because these minerals apparently arc unstable under the conditions 
concerned. There has been some objection to use of the term "gneiss’’ 
for rocks not of plutonic igneous origin. For this reason we use 
"quartzo-feldspathic schist” to cover schists rich in quartz and feld¬ 
spar within the amphibolite facies, even where the rather irregular 
foliation might be described by some petrologists as gneissose rather 
than schistose. 

Quartzo-feldspathic schists are derived mainly from arenaceous 
sediments and siliceous igneous rocks. Typically they consist of 
quartz, plagioclase, and orthoclase (or microcline), with subordinate 
muscovite and biotite aligned in and defining the foliation. Garnet 
is a common accessory in rocks that lack potash feldspar. By increase 
in mica and decrease in feldspar, they grade into semi-pclitic and 
politic schists. Small amounts of hornblende and epidote appear in 
rocks passing into and associated with amphibolites. 

In some quartzo-feldpathic schists thin dark micaceous layers par¬ 
allel to the foliation superficially suggest relic bedding inherited from 
a sandstone. Many of the Moine schists of Scotland illustrate this type 
of fabric. While the general trend of schistosity imposed during de- 
formational metamorphism is, indeed, likely to correspond with that 
of the bedding of the parent rock, it is unlikely that details of cross¬ 
bedding and graded bedding will normally survive high-grade meta¬ 
morphism involving strong internal deformation. On the other hand, 
structures superficially resembling cross-bedding can develop during 
metamorphism by shearing out of small-scale folds. Some of the 
"cross bedded** fabrics of quartzo-feldspathic schists certainly have 
such an origin. True bedding is marked, however, by the thin strings 
of zircon, tourmaline, and iron ore (inherited concentrations of heavy 
minerals) sometimes observed microscopically in quartzo-feldspathic 
schists. 

Quartzo-feldspathic granulites (Fig. 85B) are characterized by 
"granulitic fabric" and by the distinctive high-temperature assem¬ 
blages quartz-orthoclase-plagioclase-kyanitc (or silliinanite) and 
quartz-orthoc lase-plagioclase-garnet. Granulitic fabrics have regu ar 
planar schistosity determined by alternation of parallel, greatly 
flattened lenticles of rather coarse quartz, with layers of finely crys¬ 
talline quartz and feldspar. The garnet of granulites is pink alman- 
dine, somewhat higher in magnesia than the garnet of the amph.bo- 
lite facies. Prisms of kyanite or of sillimanite lie in the plane of 
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A B C 

Figure 85. Granulites, Saxony 


A. Prismatinc-tourmalinc-quari/ gramiliic. Waldheim. Diain. 7 mm. I he main 
minerals are quartz, plagioclatc, and prismaline. In the lower right quadrant 
are golden tourmaline and coarse sillimanite (lower edge). Nearly opaque 
needles and prisms of brown rutile occur throughout the section. 

B. Almandinc kyanitequart/ granulite, Rohrsdorf. Diam. 2 mm. The porphyro- 
blasts are of kyanite and almandine. 1 he matrix consists of layers alternately 
rich in quartz (clear) and orthoclase (shown stippled). The texture is 
coarser in the quartzosc than in the feldspathic layers. Biotitc flakes occur 
in fine grained streaks parallel to the foliation. 

C. Pyroxene granulite, Hartinannsdorf. Diam. 2 mm. Porphyroblasts of pink 
almandine in a granoblastic matrix of hvperstheiie. diopside, and andesine. 


schistosity. The orthoclase is invariably perthitic. Rutile is an almost 
constant accessory, in contrast with sphenc, which is the charac teris¬ 
tic titanium mineral of the amphibolite and the grecnschist facies. 
Where boron has been introduced during metamorphism, tourma¬ 
line is present; it is rarely accompanied by the Mg-AI borosilicate 
prismatine (Fig. 8. r »A). This is a colorless prismatic mineral, with 
medium refractive index and birefringence, easily recognized by 
parallel extinction, negative elongation, small optic axial angle, and 
negative character. 

Biotitc and hornblende, though commonly supposed to be unstable 
in the granulite facies, are found associated with diopside and hyper- 
sthene in some granulites. This association has been variously inter¬ 
preted. It may perhaps represent disequilibrium; or it may in some 
rocks indicate conditions transitional between the granulite and the 
amphibolite facie s. There is also the possibility that water was present 
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Figure 86. Cordieriic-plagioclase Schist and Chamockites 

A. Cordicrite schist, Schwarzwald, Baden. Diam. 3 mm. Cordieritc containing 
pleochroic haloes round inclusions of zircon and sphene, and marginally 
altered to pale-green chlorite ('•pinite'*): lamellar-twinned oligoclase; clear 
quartz; dark-brown biotite locally interleaved with muscovite; almandine 
garnet (below) and sillimanite needles (upper right); abundant graphite; 
minor pyritc. The complex mineral composition suggests internal disequilib¬ 
rium resulting from repeated metamorphism over a considerable range of 
high temperatures. 

B. Charnockitc, Varberg. Sweden. Diam. 3 mm. Garnet and green hornblende 
(upper part of section), diopside (lower left), and hypcrsthcnc (right). Ac¬ 
cessory iron ore and apatite. The colorless minerals arc quartz, perthite, and 
andesine. 

C. Charnockitc, Stillwell Island, Adelie Land. Antarctica. Diam. 2 mm. Biotite 
with a rim of garnet (upper left), garnet with inclusions of ilmcnite (on 
right), hypersthene (below). The colorless grains arc mainly perthite; a little 
quartz is also present. 

in insufficient quantity for all the iron and magnesia to be accom¬ 
modated in the hydrous minerals hornblende and biotite. A rather 
similar anomaly arises from the presence of cordierite and biotite 
(Fig. 86A) in some rocks which from their field associations seem to 
belong to the granulite facies. Possibly the presence of cordierite 
rather than almandine is determined by a high ratio of MgO to FeO 
in the rock. 

A distinctive rock, first described from southern India but since 
recorded from other pre-Cambrian terranes, is charnockitc, com¬ 
posed mainly of quartz, potash feldspar, sodic plagioclase, hyper¬ 
sthene, and garnet (Fig. 86BC). Chamockites have the megascopic 
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appearance of acid plutonic gneisses and range in composition from 
granite to tonalite. Indeed, some petrologists class them as igneous 
rocks of the acid plutonic class. It is better to regard the majority of 
charnockites as products of deep-seated metamorphism of quartzo- 
feldspathic rocks many of which were initially igneous. 


High-grade Calc-schists and Foliated Marbles 

At high temperatures of regional metamorphism. even in the granu- 
lite facies, pressure seems high enough to prevent reaction between 
calcite and silica to give wollastonitc. Calcite is therefore a prominent 
constituent of calcareous schists and marbles, and with it are associ¬ 
ated Ca-AI silicates formed by reaction between calcite and clay 
minerals, and diopside resulting from reactions involving dolomite. 
Typical high-grade assemblages in the amphibolite facies (Fig. 87AB) 
are: 

Calcite-diopside quartz 
Calcite-clinozoisite-biotite-quartz 

Calcite-diopsidegrossularite-quartz 

Calcite-diopside-clinozoisite (zoisite)-plagioclase 
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Figure 87. High-grade Calc-schists and Sedimentary Amphibolite 

A. Calcite marble with quart/, biotite, clino/oisite, and sphenc (lozenge-shaped 
crystals), Grantown series. Strathspey. Scotland. Diam. 2.5 mm. 

B. Zoisite-stapolitc-quartz rock. Doubtful Sound. New Zealand. Diam. 2.5 tnm. 
Associated rocks arc marbles and high-grade amphibolites. 

G. Garnet amphibolite. Loch Katrine. Scotland. Diam. 2.5 mm. Pink almandinc. 
deep green hornblende, red-brown biotite. quartz, and iron ore. 
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Calcite-diopside-scapolite-phlogopite 
In the granulite facies the mineral assemblages are less varied, the 
typical ones being: 

Calcite-diopside-plagioclase-quartz 

Calcite-diopside-scapolite-quartz 

The calcite in all these rocks is coarse-grained, with clear-cut 
{Of 12} twin lamellae. Some grains, even though not obviously 
strained, may be biaxial. In marbles there is usually a distinct folia¬ 
tion, determined by parallel dimensional alignment of lensoid grains 
of calcite, and emphasized locally by thin concentrations of parallel 
flakes of pale-yellow phlogopite or opaque graphite. The diopside 
ranges from the colorless pure end member to a pale-green non-ple- 
ochroic type (diopside-hedenbergite) containing appreciable iron. 
In marbles it occurs as round grains in the calcite mosaic. In rocks 
richer in silica and alumina it is concentrated in granular layers al¬ 
ternating with layers rich in garnet or an epidote mineral. The garnet 
ranges from colorless grossularite to a pale pinkish-brown grossular- 
ite-andradite. The epidote minerals in high-grade calc-schists are of 
various kinds. Perhaps the commonest is colorless clinozoisite with 
conspicuous "ultra-blue" interference colors. Zoisitc (distinguished 
by its relatively small axial angle) may also be present in rocks con¬ 
taining clinozoisite—though obviously this indicates chemical dis¬ 
equilibrium. Where iron-bearing epidote is abundant, it tends to be 
intergrown with vermicular quartz (diablastic texture). The plagi- 
oclase in high-grade calc-schists, as in amphibolites and quartzo- 
fcldspathic schists, commonly has a composition within the range 
An 25 . <0 . But some marbles contain almost pure anorthite or bytown- 
ite-anorthite. Scapolite. microcline, sphene, apatite, and quartz may 
all be present in high-grade marbles and calc-schists. 


Amphibolites 

Amphibolites are foliated metamorphic rocks composed essentially of 
hornblende and plagioclase. They are the diagnostic rocks of the 
amphibolite facies: and they are among the commonest rocks formed 
by regional metamorphism of moderate-to-high grade. Segregation 
layering may or may not be present: and megascopic schistosity is not 
necessarily conspicuous in types containing no mica. Beneath the 
microscope, however, there is usually an obvious preferred orienta- 



SCHISTS, AMPHIBOLITES, GRANULITES, ECLOGITES 24 1 

tion of hornblende prisms, which defines a schistosity, a lineaiion, or 
both. 

Amphibolites may be formed from rocks of rather diverse kinds, 
notably from basic or semi-basic igneous rocks, from impure calcare¬ 
ous and dolomitic sediments, or even from initially pure limestones 
which have become affected by inetasomatic introduction of silica, 
magnesia, and iron. It is not always possible to decide what rock a 
given amphibolite was derived from, but amphibolites of igneous 
and those of sedimentary parentage tend to show different min- 
eralogical and textural characters. They are therefore described 
separately below. 

In amphibolites derived Irom basic igneous rocks, hornblende 
and plagioclase tend to be equally abundant. Almandine garnet, 
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Figure 88. Amphibolites Derived from Basic Igneous Rocks 

A. Archaean amphibolite. Grand Canyon, Arizona; section cut perpendicular 
to schistosity and to lineation. Diam. 2.5 mm. Idioblastic deep-green horn¬ 
blende, xenoblastic oligoclase, brown biotite, accessory sphene. 

B. Same rock as A; section cut perpendicular to schistosity but parallel to linea¬ 
tion. Diam. 2.5 mm. Contains a few grains of clear quartz. 

C. Epidotc-amphibolite, Lake Manapouri, New Zealand. Diam. 2.5 mm. Section 
cut parallel to schistosity. Main minerals are oligoclase. brown biotite, and 
deep-green hornblende. Stumpy prisms of colorless, highly birefringent epi- 
dote are rather less plentiful (e.g.. at lower edge, in feldspar at right, and 
in biotite at left). Sphene is a constant accessory (right edge). Note align¬ 
ment of hornblende and biotite parallel to the lineation, which is steeply 
inclined. 
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epidote, and biotite may all be present. Quartz and biotite are gen¬ 
erally minor minerals, though both may be conspicuous in rocks 
derived from tuffs. Kyanite is found in a restricted group of rocks 
rather rich in A1 2 0 3 . Sphene, apatite, and opaque ores are almost al¬ 
ways present. The hornblende of amphibolites is strongly colored 
(Z = deep blue-green or. at high grades of metamorphism, brownish- 
green). It occurs in prisms bounded by {110}, with ragged termina¬ 
tions, and tending to be crowded with inclusions of quartz or iron 
ore. The plagioclase generally ranges from An 25 to An, 0 and occurs in 
equant xenoblastic grains, either untwinned or showing a few 
lamellae of either the albite or the pericline type. The epidote, 
usually in sharply crystallized prisms, is either colorless or very pale 
yellowish but nevertheless highly birefringent. It may enclose brown¬ 
ish pleochroic cores of allanitc. Sphene may be in the form of coarse 
wedge-shaped crystals or in clusters of drop-like granules. At the 
highest grades of metamorphism ilmenite tends to take the place of 
sphene; rdtile is much rarer. Amphibolites are illustrated in Figures 
87C. 88. and 89. 

Where amphibolite has formed by metamorphism of gabbro or 
diabase without strong internal deformation (as in the inner portions 
of marginally deformed sills), it may be so weakly foliated that it can 



Figure 89. 


from Basic and Ultra- 


basic Igneous Rocks 


A 


B 


A. Hornblendc-diopside amphibolite. Sierra Nevada, California. Diain. 1 mm. 
•Green hornblende, pale-green diopside (shown in lighter stipple), andesinc, 
and minor sphene. 

B. Anthophyllite-hornblende-biotite rock. Snarum, Norway. Diam. 3.5 min. 
Colorless anthophylhtc is associated with dark-green hornblende (shown 
closely stippled) and brown biotite. Black iron ore encloses rutile.- 
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hardly be distinguished with certainty from strictly igneous diorite, 
which is also a hornblende-plagioclase rock. Indeed, the term 
'epidiorite” has been generally used to cover rocks of this category. 
In such rocks the hornblende may retain structural features, such as 
parting on {001} or on {100}, inherited from the pyroxene it has 
replaced; in the plagioclase the idiomorphic form, tabular habit, and 
complex twinning (c.g., Carlsbad-albite) that are characteristic of 
igneous plagioclase may still be preserved. Careful examination, 
moreover, should show several features characteristic of amphibolites 
but not of diorites; great abundance of hornblende; simple form, 
ragged terminations, sieve struc ture, and absence of twinning in this 
hornblende; relatively sodic composition and partly recrystal I ized 
condition of plagioclase; lings of granular sphene surrounding small 
cores of iron ore, indicating that it has replaced ilmenite; metamor- 
phic minor constituents su< h as epidote, garnet, and granular quartz: 
and some degree of foliation. 

Amphibolites derived from mixed calcareous sediments also con¬ 
tain blue-green hornblende as their most conspicuous mineral. 
Plagioclase is less abundant, and quart/ and biotite usually more so, 
than in “igneous" amphibolites. F.spec ially characteristic are the pres¬ 
ence of abundant greenish diopside and a general absence of alman- 
dine garnet. Diopside may also occur in non garnetiferous amphibo¬ 
lites of igneous parentage, but is much less common and never very 
abundant. F.pidotc is conspicuous in many "sedimentary ' amphibo¬ 
lites. Sphene and apatite are normal accessories. 

Amphibolites formed from ultrabasic igneous rocks are distin¬ 
guished by a general lack of plagioclase and by the presence of highly 
magnesian amphiboles such as anthophyllite and cummingtonite 
(Fig. 89B). 

Pyroxene Granulitcs 

I he pyroxene granulites (Fig. 8f>C) are metamorphic rocks of high 
grade (granulite facies) composed principally of plagioclase, hyper- 
stlieuc, diopside, and in some cases almandine garnet. Chemically 
they are equivalent to rocks of the gabbro and basalt family. Min- 
eralogically, also, pyroxene granulites that do not contain garnet may 
be almost identical with norites; for at the high temperatures and 
pressures inferred for the granulite facies, mincralogical conver¬ 
gence of igneous and metamorphic rocks can be expected. 
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The plagioclase of pyroxene granulites is generally andesine or 
labradorite. Like that of amphibolites, it commonly shows either 
albite or pericline twinning, and lacks the complex twins and idio- 
morphic form that are usual in igneous plagioclase. Both types of 
pyroxene are found by chemical analysis to contain appreciable 
AI 2 O 3 . The diopside of granulites has no distinctive optical charac¬ 
ters, but the hypcrsthene shows unusually strong pleochroism (from 
pink to pale green or pale yellow). The usual accessories are rutile 
and magnetite. Some pyroxene gTanulites contain minor olive-green 
hornblende, and this cannot in all cases be attributed to retrogressive 
metamorphism (i.e., transition to the amphibolite facies). 

Since platy and prismatic minerals are generally lacking, pyroxene 
granulites tend to be massive rocks with but poorly defined foliation. 
In some of these rocks, however, there may be rough segregation of 
feldspathic and pyroxenic bands. 


Olivinites 

Foliated rocks with olivine as a principal constituent occur as lensoid 
bodies in high-grade regionally metamorphosed rocks in the Lewisian 
of Scotland, in the European Alps, and elsewhere. Some of these are 
probably bodies of peridotite intruded as such during the period of 
metamorphism recorded in the adjoining schists. But others may 
jeanceivably represent lenses or sills of serpentine rock (formed by 
low-temperature metasomatism of peridotite) that were metamor¬ 
phosed to their present condition after they were intruded. Such rocks 
have been termed olivinites. Like peridotites, they consist mainly of 
magnesian olivine, which is usually accompanied by small amounts 
of enstatite and chromite or picotite. Their foliated, in some cases 
cataclastic, fabric is as ambiguous as their mineral composition, for 
similar foliation is commonly found in normal peridotites. 

While there is thus no universal criterion by which olivinites may 
be distinguished with certainty from peridotites, some olivine-rich 
foliated rocks are probably or at least possibly of metamorphic origin. 
Among these are certain olivine-actinolite-diopside rocks in the 
Italian Alps. Some of these contain pyrope garnet, and all contain 
accessory picotite. A possible criterion of high-grade metamorphism 
of serpentine rock to olivine-pyroxene rock is great abundance of 
^statite in the latter, as demanded by the equation 
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H 4 Mg 3 Si 2 0 9 —>-Mg 2 Si0 4 + MgSiO, + 2H 2 0 
serpentine olivine enstatite 

In olivinites, as in peridotites, we may expect to find incipient con¬ 
version of olivine and pyroxene to anthophyllite, talc, or serpentine. 


Eclogites 

Eclogites (Fig. 90) arc rocks composed essentially of pale-pink mag¬ 
nesian garnet (almandine-pyrope) and omphacite. The latter is a 
member of the diopside-jadeite series, almost colorless, with the usual 
pyroxene extinction angle (Z to c = 38° to 42°), and distinguishable 
only by its high optic axial angle (2V = 70-80°; sign -f). Kyanite is 
a third main constiiuent in some types. Rutile is an almost ubiquitous 
accessory. Porphyroblastic habit in the garnet and rude alignment 
of pyroxene prisms are common textural features of eclogite. 

The striking mineral assemblage pyropc-omphacite, diagnostic of 
eclogites, expresses a chemical composition roughly equivalent to 
that of basalt or gabbro. We have seen that the other characteristic 


Figure 90. 

Eclogites A B 



A. Kyanite eclogite, Sulztal, Tyrol. Diarn. 3 nun. Pink pyrope, colorless ompha¬ 
cite, and kyanite, with accessory rutile. Crystals of kyanite (with closely 
spaced cleavage cracks) show strong preferred orientation. 

B. Eclogite, closely associated with serpentine rock, near Healdsburg, Coast 
Ranges, California. Diam. 3 mm. Idioblastic pink garnets rimmed with chlor¬ 
ite; abundant colorless soda-bearing pyroxene; deep-brown rutile rimmed with 
granular sphene. Sphene and chlorite (and in other sections glaucophane) are 
products of incipient retrogressive metamorphism. 
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high-grade metamorphic assemblages corresponding to this compo¬ 
sition are plagioclase-hornblende (amphibolite facies) and plagio- 
dasc-diopside-hypersthenc (granulite facies). In eclogites, then, yet 
a third mineral facies is developed; and this has conventionally 
been correlated with high temperature and extreme pressure. Ex¬ 
treme pressure is indicated though not proved by the high density 
of eclogite as compared with gabbro or amphibolite. It should also 
be noted, however, that the assemblage pyrope-omphacite is lacking 
in water; and this absence of water may help to account for the re¬ 
markable features of these rocks. 

As would be expected, eclogites very commonly show effects of 
partial retrogressive metamorphism—adjustment of the mineral 
assemblage to reduced pressure and temperature in the presence of 
water. One such effect is development of rims of intergrown horn¬ 
blende and plagioclase ("kelyphitic borders") between garnet and py¬ 
roxene crystals where these have reacted with each other in the pres¬ 
ence of intergranular water. Another is the rimming of pyroxene 
with compact hornblende in "hornblende eclogite." Adjustment to 
still lower temperatures (greenschist facies) is indicated where garnet 
is partially replaced by chlorite, and omphacite by glaucophanc and 
actinolite. Conversion of rutile to sphene is also common (Fig. 9015). 

How and where eclogites originate is a subject of controversy. Both 
igneous and metamorphic origins have been advocated, with high 
pressure an essential condition in either case. The following general 
features of the occurrence and composition of eclogite may be signifi¬ 
cant. (1) Eclogite occurs mostly in small bodies, in a number of en¬ 
vironments that all suggest the possibility of transport from unknown 
depths: it is found, for example, in fragments in kimberlite, as lenses 
in migmatites, in intensely deformed metamorphic rocks of nota¬ 
bly different facies, and as blocks a few yards or tens of yards in 
diameter, associated with glaucophane schists and serpentine rocks 
in fault zones. (2) Eclogite is manifestly unstable in the presence of 
water over the ranges of temperature and pressure embraced by most 
metamorphic rocks; this is shown by its susceptibility to retrogressive 
metamorphism. (3) Finally, eclogites have a very limited range of 
chemical composition. It thus appears possible that most eclogites 
represent materials having the approximate bulk composition of 
basalt or gabbro. which have crystallized at great depth near or below 
the base of the earth's crust, and that they have been bodily trans¬ 
ported by various means to the diverse environments in which they 
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are now found at the surface. If this speculation is tentatively ac¬ 
cepted. eclogites should perhaps be classed as igneous rather than as 
metamorphic rocks. Such ambiguity, however, is immaterial; for in 
the deep levels of the crust igneous and metamorphic processes pre¬ 
sumably merge to such a degTee that distinction between the two is 
no longer justified. 




PART THREE 


SEDIMENTARY ROCKS 





The Origin of Sedimentary 
Rocks 


Introduction 

The distinction between igneous, metamorphic, and sedimentary 
rocks is basically genetic rather than descriptive. Sedimentary rocks 
are deposited in stratified fashion, layer upon layer, at the surface of 
the lithosphere, at relatively low temperatures and pressures. Most 
igneous and metamorphic rocks, on the other hand, originate beneath 
the earth’s surface, and were formed at much higher temperatures 
and pressures. 

Each layer of sediment is buried ever more deeply as succeeding 
layers are deposited on top of it, and wherever deposition has con¬ 
tinued more or less uninterruptedly for long periods of time, sedi¬ 
ments may be buried very deeply indeed. Stratigraphic studies prove 
that sedimentary rocks may accumulate to thicknesses of many thou¬ 
sands of feet. So long as deposition continues, each layer is subjected 
to continuously increasing pressure and temperature, and we can be 
sure that all deeply buried sediments have endured physicochemical 
conditions quite different from those existing at the surface where 
they were laid down. Post-depositional changes in the texture and 
composition of such sediments are to be expected, and they consti¬ 
tute a form of low-grade metamorphism whereby sedimentary rocks 
grade into metamorphic rocks. Some sediments in geosynclines buried 
beneath tremendous thicknesses of overlying rock have been sub¬ 
jected to high temperatures and pressures, and perhaps to powerful 
stress, and have thus become so extensively recrystallized as to be¬ 
come typical metamorphic rocks. Others, buried less deeply and sub¬ 
jected to less heat and stress, are less altered. 
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The distinction between sedimentary and metamorphic rocks is 
arbitrary, however, and is not easily defined except where stress as 
well as heat has been a major factor producing the change. The classi¬ 
fication of certain common rocks is therefore a matter of preference 
and may seem inconsistent. Slate, for example, is usually classed 
as metamorphic and shale as sedimentary, although there may be 
little visible difference in composition, whereas dolomite is usually 
classed as a sedimentary rock even when it has resulted from complete 
replacement of original calcite. 

Excluded from the sedimentary class are those rocks which are 
direct products of igneous processes. No confusion arises here except 
when a distinction must be made between pyroclastic rocks , produced 
by volcanic explosions, and epiclastic rocks, produced by normal 
erosion and deposition of rock debris. Beds of ash and cinders that 
accumulate anywhere as a direct result of volcanic eruptions—for 
example, tuffs, tuff breccias, and breccias —are logically to be grouped 
with the igneous rocks; yet by normal erosion of older tuffs and flows 
similar products may find their way into widespread sedimentary 
basins, where they are deposited as more or less pure volcanic sands, 
silts, and gravels. These arc epiclastic sediments in the strictest sense, 
but unless their exact mode of origin is known they are easily con¬ 
fused with pyroclastic rocks. Furthermore, mixtures of pyroclastic 
and epiclastic material are very common; these are called tuffaceous 
sediments. To assign a rock to one of these classes rather than another 
is often difficult and may be impossible where only a few specimens 
are available for examination. 

To call a rock sedimentary, then, one must know or infer some¬ 
thing about its origin. How is such knowledge to be gained from 
study of a specimen? What characteristics are peculiar to rocks that 
originate at low temperatures and pressures near the earth s surface? 
What visible or measurable properties of sedimentary rocks have 
genetic implications, and how are they to be interpreted? These ques¬ 
tions outline a primary problem of petrography, but they cannot be 
simply answered. Even stratification, which in one form or another 
is visible in nearly all sedimentary deposits, is not a sufficient proof 
of sedimentary origin, for stratification is simulated or inherited in 
many igneous and metamorphic rocks. Nor is the presence or ab¬ 
sence of organic remains an infallible criterion of origin. Fossils are 
indeed abundant in many sediments, but they are entirely lacking in 
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many others, and fossils are found in some pyroclastic and meta- 
morphic rocks. 

In rocks that are clearly sedimentary various features of mineral 
composition and texture throw light on origin and history. They 
record, more or less faithfully, the heritage and environment that pro¬ 
duced a sedimentary rock, and the petrographer must try to decipher 
them. To do this requires some knowledge of the processes that give 
rise to sedimentary rocks. The brief outline of sedimentary petro- 
genesis in this chapter is intended simply to provide a background 
for the descriptive details that follow. 

A note of warning should be interjected here. No amount of labo¬ 
ratory study of hand specimens or of thin sections will supply a full 
interpretation of a sedimentary rock—or of any other. Significant as 
the details of rock composition and texture are in themselves, their 
variations and distribution within the sedimentary deposit as a whole 
are of still greater significance, and these larger features must be 
examined in the field. 


Factors in the Formation of Sedimentary Rocks 

In general, sedimentary rocks are produced in two different ways. 
Some are mechanical accumulations of mineral and rock fragments, 
and others are deposited by chemical means. Most mechanically de¬ 
posited sediments, such as mud, sand, and gravel, are products of 
surface weathering and erosion; they consist of the disintegrated and 
decomposed debris of older rocks, transported and deposited by 
water, ice, or air. They are appropriately termed detrital or epiclastic 
sediments. Most of them, including common sandstone and mud¬ 
stone, consist of quartz and silicate minerals. Sediments deposited by 
chemical means, on the other hand, consist principally of such sub¬ 
stances as carbonates, sulphates, silica, phosphates, and halides. Nearly 
all of these originate by chemical precipitation from bodies of sur¬ 
face water, but they do not result from a single process. Precipitation 
may be caused directly, by evaporation or by purely inorganic reac¬ 
tions among dissolved salts. Or it may be caused indirectly, by organ¬ 
isms. These may be minute bacteria, or they may be organisms, such 
as mollusks and corals, that form easily visible skeletal secretions, 
and the deposits formed by them are termed organic or biogenic sedi¬ 
ments. Coral and algal reefs, layers of articulated shells, diatomite. 



SEDIMENTARY ROCKS 


254 

and most coal seams are examples of biogenic sedimentary rocks. 
Where chemical deposits, especially the organic type, form in shallow 
waters, the precipitated material, after being partly consolidated, 
commonly becomes broken up and the fragments redistributed. The 
resulting deposits are considered in this book with chemical sedi¬ 
ments of similar composition that have not been thus disintegrated. 

The particular characteristics of a sedimentary deposit are de¬ 
termined by the entire setting within which the sediment has origi¬ 
nated and accumulated and has later been lithihed. The effects of 
environment of deposition are to be found in every sedimentary de¬ 
posit regardless of age or kind. Very evident also in many deposits, 
especially the older ones, are the effects of diagenesis, which includes 
all the changes in composition and texture that occur in sediments at 
low temperatures after their deposition. In detrital materials the 
influence of source and the effects of transportation are particularly 
noteworthy. 

Source Area 

Parent rock controls to a large degree the composition of detrital 
sediment derived from it, a fact that is clearly evident in many sedi¬ 
mentary rocks. A volcanic sandstone, for example, consists of detritus 
necessarily derived from a volcanic terrane. Similarly, a sandstone 
composed essentially of feldspar and quartz is derived from coarse 
feldspathic rocks such as those usually composing the crystalline base¬ 
ment, and it is not formed unless such rocks are exposed in the source 
area from which detritus is derived. Among the grains of any sand¬ 
stone, as Mackie pointed out long ago, varieties of quartz distin¬ 
guished by the nature of their inclusions may indicate the type of 
parent rock from which the sand was derived.* Or, occasionally, a 
particularly distinctive mineral in a sediment may lead one to the ulti¬ 
mate source from which it came: examples are the purple zircon 
(hyacinth) in the Paleozoic sandstones of southern Scotland, which 
was derived from the Lewisian gneisses of the northern Highlands, 
and the glaucophane in Californian sediments, which comes ulti¬ 
mately from Franciscan schists. Few detrital sediments contain com¬ 
ponents that point so clearly to a particular source, but the composi¬ 
tion of any detrital sediment reflects the character of its source in at 
least a general way. 

Between parent rock and final sedimentary rock many minerals 

•See page 319 for a brief description of these varieties. 
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may be altered or completely destroyed, so that sediments never have 
exactly the same mineral composition as their parents. Some primary 
minerals may be destroyed or changed by weathering even before they 
are removed from the source area by erosion. If the environment is 
such as to induce intense decomposition (chemical decay), a selective 
destruction of minerals may take place that makes the weathered prod¬ 
uct differ greatly from its parent; it contains a relative concentration 
of stable primary minerals such as quart/ and muscovite among the 
sand and silt grains, of clay minerals among the smallest particles, and 
of ions in solution. If. on the other hand, weathering involves chiefly 
physical disintegration, the weathered product is mineralogically 
like the parent rock; it contains both stable and unstable primary 
minerals of various grain si/es, principally quart/, muscovite, feld¬ 
spars, ferromagnesian silicates, and undisintegrated rock particles. 

In general, chemical decay of minerals and rocks is fostered by 
warm, moist climates, particularly in areas that are well drained and 
heavily covered with vegetation, and is less active in cooler, drier 
climates. The climatic factor, however, is commonly overshadowed 
by the relative rapidity of erosion and weathering. All weathering 
processes are slow, but removal of the weathered material by erosion 
goes on at varying rates. Where erosion is very slow, a residual blanket 
of thoroughly weathered material—a mature soil —accumulates over 
the parent rock, and there the climate and biologic conditions ol the 
area may have mote influence than even the composition of the 
parent rock on the character erf the weathered prcxluc t. Where erosion 
is rapid, on the other hand, as in regions of steep slopes and heavy 
rainfall, rock waste may be removed almost as soon as it is loosened 
from the bedrock, and there is little decomposition before the mate¬ 
rial is carried away. Under such conditions, regardless ol climate, the 
mineral composition of detrital sediment approximates that of the 
parent rock; even in the tropics, sediments that, like arkose, contain 
abundant unstable minerals arc to be expected. 

The rate of erosion partly determines, also, the amount of sediment 
supplied to the areas of deposition during any given time, and thus 
partly controls the rate of deposition. 

Transportation and Deposition 

During actual transportation, chemical changes in detrital sedi¬ 
ment are negligible, but two very important physical effects arc pro¬ 
duced. On the one hand, the individual particles are generally altered 
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in size, shape, and roundness by the abrasion and fracturing that 
result from rubbing and repeated impact of the particles on each 
other and on bedrock. On the other hand, selective transportation or 
sorting affects the total aggregate of grains, so that particles tend to 
be segregated according to size, shape, and density. 

I he combined effect of these processes on the sediment finally 
laid down is most clearly visible in the textural features, but it is 
evident also in the mineral composition. When, in a sediment con¬ 
sisting of particles of varied size, the sand is segregated from the clay, 
as commonly happens in natural sorting, the resulting deposits are 
mineralogically as well as texturally distinct. The clay material con¬ 
tains a relative concentration of clay minerals (kaolinite, montmoril- 
lonite, and illite), together with other micaceous minerals such as 
sericite and chlorite, whereas the sand is composed largely of quartz, 
with or without feldspars, ferromagnesian silicates, and rock frag¬ 
ments. 

Very fine sand, silt, and clay material, together with larger mica¬ 
ceous grains, are apt to be carried in suspension in a transporting 
current and therefore suffer minimum physical attack by abrasion 
and fracturing. The coarser fragments, on the other hand, tend to be 
fractured and abraded by rolling, bumping, and sliding along at the 
bottom of the current. Easily cleavable grains, like feldspars, and 
also those weakened by incipient decay may be repeatedly chipped 
and broken, and thus tend to be gradually eliminated from the 
coarser sizes and added to the finer material in the suspended load. 

On the larger, heavier, and softer grains that are carried for long 
distances in the bottom load, abrasion very effectively wears away 
sharp corners and surface projections, so that the grains tend to 
acquire a smoothly rounded surface, and at the same time to be some¬ 
what reduced in size. The effectiveness of abrasion in rounding grains 
is a function of mode and distance of transportation and also of size 
and kind of grains. It is greatest on the larger and softer grains and 
is increased with distance of transportation. It is apparently greatest 
where wind or waves are the transporting agents. Well-rounded 
sand grains, however, should not always be attributed to a single 
cycle of sedimentation; many detrital grains have been involved in 
several cycles, being passed on from one sediment to another, and 
often the best-rounded sand grains are those inherited from older 
sedimentary rocks. Nor has every grain in a detrital sediment under- 
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gone the same history, for many sediments are of mixed derivation. 

Wherever a part of the detrital sediment load is deposited along 
the route of transportation, the larger and heavier particles tend to be 
deposited first. The smaller, lighter, and less spherical particles tend 
to outrun the others, and the proportion of smaller particles in the 
sediment load progressively increases in the direction of travel as 
the larger and heavier grains are left behind. The average grain size 
of deposits thus diminishes progressively in the direction of transport, 
a feature which is termed progressive sorting. Local sorting within 
the deposits is much less systematic. It results from local variations 
in the competence of depositing currents, which may produce, side 
by side, contemporaneous deposits of quite different texture and 
composition. Variations in sorting also occur from time to time in one 
place, so that a stratum of one sort may be, and commonly is, over- 
lain by another having very different characteristics. Successive strata 
may show a systematic change, perhaps becoming progressively finer- 
or coarser-grained; or a stratigraphic succession may contain rhythmic 
alternations of sediment types, as in glacial varves and the cyclothems 
of the coal measures. More commonly, however, variations in suc¬ 
cessive strata do not appear to be systematic. 

What has been said in general about the effects of transportation 
on sediments applies to mineral and rock particles carried by wind, 
streams, and currents in oceans and lakes where the proportion of 
sediment to fluid is so low that each particle behaves as an individual. 
Under these conditions, selective effects on individual grains are to be 
expected. A large proportion of all detrital sediments, however, is 
transported more or less en masse by landslides, seaslides, mudflows, 
and turbidity currents of high density. To these may be added trans¬ 
portation by glacial ice, though this is of more local importance. By 
suc h modes of transportation, masses of detrital sediment are moved 
quickly and without selection, and many widespread thick deposits 
have been produced. Such accumulations are but poorly sorted, or 
totally unsorted, and, except in glacial moraines, the effect of abrasion 
on individual particles is at a minimum. 

Of substances carried in solution little need be said here, although 
enormous quantities of rock material are moved in this way. Sub¬ 
stances dissolved in water are carried as readily beneath the earth’s 
surface as upon it. Unlike detrital sediments, the substances precipi¬ 
tated from solution can rarely be traced to a particular source, nor 
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can any of their visible properties be traced to the effects of transpor¬ 
tation. The character of chemical sediments is to be explained chiefly 
as a consequence of the environment of deposition. 

Environment of Deposition 

Of all sedimentary environments the most extensive and the most 
enduring is the marine basin. In it most ancient sediments have been 
deposited and the great bulk of modern sediments is now accumulat¬ 
ing. It is, moreover, the final destination of all sediment. Some very 
widespread and thick deposits, however, have been laid down above 
sea level on the continents, and much sediment is temporarily de¬ 
posited in the continental areas en route to the sea. The major sedi¬ 
mentary environments to be distinguished are the oceans, the conti¬ 
nents, and the marginal area between them, but each in turn includes 
many local areas having distinctive and varied characteristics that 
largely determine the particular kind of sediment that is deposited 
in each of them. Appropriate environmental subdivisions may be 
based on any factors that are important in determining the structure, 
texture, or composition of the sediments deposited. On dry land the 
important factors are c limate, vegetation, and topography. In aqueous 
environments they include depth of water, temperature of water, sal¬ 
inity, acidity (pH), oxidation-reduction potential (eH), freedom of 
circulation, clearness or muddiness of the water, and organic popula¬ 
tion. 

On the continents some sediments are laid down in water and are 
termed aqueous deposits. These are chiefly dctrital but commonly 
include some organic and chemically precipitated substances as well. 
Some arc alluvial sediments (alluvium), deposited by streams in 
their channels and on their flood plains or fans; others are lacustrine 
and paludal sediments, laid down in lakes and swamps. Terrestrial 
or subaerial deposits, on the other hand, are deposited on dry land 
and contain little beside the clastic debris of older rocks. Some of 
these are residual; they have not been transported and lie as thin 
blankets over the parent material from which they were derived by 
weathering. Other terrestrial sediments have been moved and de¬ 
posited by wind as sand dunes and loess and by gravity as colluvial 
deposits, which include talus and slide debris. 

The marine environment is, of course, entirely aqueous and thus 
less varied than the continental environment; yet the variety of sedi¬ 
mentary deposits it produces is exceedingly great. Marine waters not 
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only deposit the bulk of detrital sediments but also produce the vast 
majority of large inorganic chemical deposits, and they are the chief 
home of the organisms that produce most biogenic sediments. The 
marine environment is commonly subdivided, according to water 
depth, into intertidal, neritic, bathyal, and abyssal zones; the areal 
extent of these zones and their relation to the shore are depend¬ 
ent on the geometry of the basin, including its size and shape and the 
irregularities of its margin and floor. In general, the coarser clastic 
sediments and the heavier-shelled organisms tend to accumulate in 
the shallow waters of the intertidal and neritic zones, particularly in 
exposed areas where the energy of waves and currents is expended 
against the bottom and shore. Fine materials are carried away by the 
relatively strong currents that exist in these places, and they tend to 
accumulate in both sheltered areas near shore and in the depths 
farther seaward. 

Nearly pure chemical and organic sediments accumulate only in 
places that are in some way largely shielded from terrigenous debris. 
Wherever much detritus is swept from land into a marine or lacus¬ 
trine basin, any inorganic and organic precipitates arc either diluted 
by the detritus or so overwhelmed by it that they constitute only 
small parts of the deposits formed. Some areas in the oceans contain 
relatively little detritus from land. If the conditions there are such 
as to promote flourishing organic populations or appreciable chemi¬ 
cal precipitation, the sediments deposited are largely organic and 
chemical, together with the clastic accumulations derived from them. 
At present such areas are to be found both far from shore and also 
near shores where the land is low-lying and erosion is negligible. 
They include regions of both shallow and deep water, but the most 
rapid chemical and organic sedimentation takes place in warm shal¬ 
low seas. On the Bahama Banks, in the eastern and southern parts of 
the Gulf of Mexico, and off many oceanic reefs, rather pure chemical 
and organic sediments and their clastic derivatives arc now accumu¬ 
lating. In a decided majority of continental basins, however, abun¬ 
dant detrital sediment is to be expected, so that extensive pure 
chemical and organic sediments of non-marine origin are not com¬ 
mon. Probably the best examples of them are high-grade peat and 
coal deposits, which must have formed in marshes and swamps so 
situated that rock debris did not contaminate the accumulating 
deposit of vegetable matter. One might compare such areas with the 
modern Dismal Swamp of the southeastern United States, or with the 
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swamps of northeastern Sumatra and the backwaters of the Ganges 
delta. 

Restriction of circulation in a body of water has a number of chem- 
,caI cffecls on th * sediments that are deposited. The waters of some 
enclosed or partly enclosed basins become so saline as a result of 
evaporation that very soluble salts are precipitated, producing de¬ 
posits collectively called evaporites. Evaporites rarely include any 
organic materials, but most of them contain some detrital sediment 
mixed with the chemical precipitate. The particular salts laid down 
depend, of course, on the source and initial composition of the water 
in the basin and on such physicochemical factors as temperature, 
pressure, and degree of concentration. Halite and the calcium sul¬ 
phates, gypsum and anhydrite, are the most common minerals pro¬ 
duced by evaporation of sea water. Some bodies of water, on the 
other hand, become stagnant as a result of poor circulation and loss 
of oxygen through decay of organic matter. These waters are reducing 
in chemical character, and the sediments deposited in them tend to be 
pyritic and colored black by abundant organic matter. These are 
sapropelic deposits. 

In detrital sediments the degree of sorting varies widely; some 
deposits are very well sorted and contain fragments of nearly uniform 
size, whereas others are unsorted or poorly sorted and contain par¬ 
ticles that differ widely in size. The two kinds reflect different rates of 
deposition and hence different environments. Well-sorted and washed 
deposits result from selective transportation, during which only a 
fraction of the sediment load is deposited in any one place, whereas 
the most poorly sorted sediments are poured rapidly into the deposi- 
tional basin and the entire load is rapidly deposited without appreci¬ 
able selection. Many detrital formations, however, contain associated 
strata, or groups of strata, that differ in degree and character of sort¬ 
ing, and one may properly ask whether sorting can be a useful crite¬ 
rion of depositional environment if it varies greatly within a single 
body of sedimentary rock. The well-sorted sands of a river channel, 
for example, arc but a small part of the total fluvial deposit, being 
associated with other strata, deposited on the flood plain and delta, 
that have very different grain-size and sorting characteristics. In such, 
deposits the variations themselves are significant, for they point to an 
environment that is not uniform from place to place or from time to 
time. They also demonstrate very clearly that no single sample can 
adequately represent a sedimentary formation. 
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Extensive well-sorted sands are most commonly deposited in terres¬ 
trial areas of drifting sand or in shallow parts of the sea and on adjoin¬ 
ing beaches, where the sand is more or less continuously washed by 
wind or wave currents, being moved back and forth and winnowed 
for long periods before being permanently buried. The sorting of 
these deposits may be duplicated, perhaps, in other environments, 
but not their uniformity and extent. In these deposits, also, the indi¬ 
vidual sand grains, as a result of long-continued movement by cur¬ 
rents, often become well rounded; they may also be frosted by wind 
action, but are more likely to be polished by the action of waves. In 
deeper basins, either marine or continental, where the rate of de 
trital accumulation is rapid, ill-sorted deposits tend to form, and the 
grains are not much abraded. 

These are but a few examples illustrating the dependence of many 
features of sedimentary rocks on depositional environment. But 
when we attempt to unravel the history of an ancient sediment by 
interpreting such features as composition and texture, our conclu¬ 
sions are likely to be uncertain or so general as to be vague. For this 
reason fossils in sediments are uniquely helpful: they are commonly a 
direct and positive indication of depositional environment. But fossils 
can be the basis of an accurate interpretation only when the organ¬ 
isms were buried without being moved from the area in which they 
lived and died. Some organic materials are detrital, and these cannot 
be directly interpreted; once deposited and buried, they are later 
washed into a younger sedimentary deposit in a different environ¬ 
ment. Or the organic remains in shallow parts of lakes and seas may 
be carried by bottom currents to greater depths beyond their normal 
habitat. Some organisms that in life are free-swimming or free-float¬ 
ing —pelagic in contrast to benthonic, or bottom-dwelling, forms— 
may sink to the bottom and be included in various sediments in many 
different aqueous environments. The presence of Foraminifera in a 
sediment indicates a marine environment, but only certain genera 
and species of benthonic Foraminifera suggest, to a practiced eye, 
particular depth zones and bottom conditions. Many other organisms 
are diagnostic, but many are not. Some Mollusca, for example, are 
fresh-water forms and some are marine; others, including certain 
oysters, flourish in tidal and periodically brackish waters. To use the 
organic content of sediments as an indication of depositional environ¬ 
ment requires some knowledge of paleontology, particularly of that 
branch of the science called paleoecology. Few petrographers are 
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capable of interpreting this evidence for themselves, but they should, 
whenever possible, make full use of its interpretation by paleontolo¬ 
gists; for organic remains are an inherent and important part of the 
sedimentary rocks in which they occur. 

Specific inorganic criteria whereby the environment of deposition 
can be judged directly are rare or poorly understood. One of the most 
useful is the mineral glauconite, which is widespread in sediments 
of all ages and apparently has formed only in marine sedimentary en¬ 
vironments. It forms by diagencsis in muds on the sea floor, usually 
where the water is less than about 100 fathoms deep and under 
reducing conditions (p. 367). Pyritc commonly forms in the same 
places, and the two minerals arc often associated in sedimentary 
rocks. 

Ferric oxides, disseminated throughout a deposit of red beds, pro¬ 
duce a uniform red coloration, and they indicate strongly oxidizing 
conditions at the place of deposition. They are to be expected most 
frequently in non-marine environments that are at least periodically 
dry and oxygenated. The red coloration caused by oxidation during 
the weathering of a rock is more superficial than, and not to be con¬ 
fused with, the pervading clay-like red pigment of primary red beds, 
in which the oxidation took place at the time of deposition. 

Diagenesis 

Both texture and composition are affected by changes that take 
place in sediments after deposition. Wherever these changes occur at 
relatively low temperatures, they are termed diagenetic. Primary 
deposition and diagenesis are scarcely distinguishable when these 
alterations occur at the site of original deposition and almost contem¬ 
poraneously with it. Glauconite, for example, is usually classed as a 
diagenetic mineral, but it forms in sediments as they lie unburied on 
the sea floor (see pages 366-368). Calcium carbonate precipitated as 
aragonite may quickly recrystallize to calcite, and perhaps detrital 
montmorillonite in some marine environments may begin to change 
to illitc or chlorite almost as soon as it is laid down. Such reactions 
arc somewhat analogous to post dcpositional changes in terrestrial 
deposits exposed to subaerial weathering before being buried; in¬ 
deed, early marine diagenesis has often been referred to as submarine 
weathering or balmyrolysis. Just as organisms and organic products 
foster many reactions during subaerial weathering, so many of the 
reactions that take place during early marine diagencsis are induced 
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by organisms, particularly by bacteria and the various scavengers 
which abound on the sea floor and inhabit the muds that lie exposed 
there. An active organic population is normally restricted to the 
uppermost part of a sedimentary deposit, and the longer sediments 
lie unburied and exposed to continued organic habitation the more 
effective will be the organic reactions during diagenesis. The time 
available for these early reactions, therefore, is dependent on the rate 
of deposition, so that early diagenetic changes are at a maximum 
where deposition is very slow. 

Other diagenetic reactions take place long after deposition and 
constitute what may be called late diagenesis. Some of these reactions 
occur after the sediment has been buried for some time, or even 
while it is being deformed. If they occur at great depth below the 
surface, the pressures and the temperatures are higher than those 
existing at the surface, and diagencsis then grades into metamor¬ 
phism. The time available for such reactions may, of course, be very 
great, and the changes produced generally tend to produce compact, 
lithified rocks. 

Processes that commonly occur during diagenesis include compac¬ 
tion, solution, authigenesis, and replacement. As sediments are 
buried, compaction • takes place: the solid particles of a sediment are 
pressed closer together by the weight of overlying material, and bulk 
volume is reduced. As a result, the fluid filling pores in the sediment 
is squeezed out and must generally migrate slowly upward through 
the deposit. The process of compaction is most noticeable in fine 
aqueous muds, either detrital or chemical, but it occurs to some 
degree in all sediments. The original, or connate, water with which 
marine and lacustrine deposits are saturated cannot be completely 
displaced by this process alone, however, and some of it remains an 
integral part of deeply buried sediments for ages. Where it remains, 
it is the medium in which the later chemical changes occur, and its 
character exerts a considerable effect on many diagenetic reactions. 

Part of the original material in most sediments is taken into solu¬ 
tion during diagenesis. If the dissolved material is redeposited, as 
commonly happens, it may be referred to simply as “recrystallized," 
and the effect is visible only in the rock texture. Some rocks, especially 


The term "compaction." as used by engineers who deal with soil mechanics, refers 
to reduction in volume produced by squeezing air. not water, out of a soil; "consoli- 
a lion .'as they use the term, means reduction of porosity in general and is synom- 
■nous with the term "compaction" as used by most geologists. 
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those consisting largely of carbonates, contain pores produced by 
solution; or there may be stylolitic seams or microstylolitic bound¬ 
aries between grains, suggesting that solution has occurred under 
pressure (Fig. 115B). Replacement, and casts of original structures, 
are other sure indications that solution has indeed taken place. The 
process of intrastratal solution tends to destroy and eliminate from 
many older sediments various unstable minerals, particularly certain 
high-temperature ferromagnesian silicates (Fig. 103A). Olivine and 
pyroxenes, for example, especially orthopyroxenes, are abundant only 
in relatively young detrital sediments. 

Minerals that are stable in the diagenetic environment commonly 
crystallize anew in the sediment and are thus added to the original 
deposit—a process termed authigenesis. The mo$t common of the 
minerals thus formed are various carbonates and silica (Figs. 109, 110, 
and 122). Replacement of original minerals by various authigenic 
minerals is a form of low-temperature metasomatism, which may 
markedly alter the composition of a sedimentary rock. Probably the 
most widespread changes have occurred in the many bodies of lime¬ 
stone that are now replaced by dolomite or chert. Such replacement 
commonly occurs without change in bulk volume (Figs. 120, 122, and 
123). 

The most readily visible result of diagenesis is consolidation. Some 
deposits are cemented, either by precipitation of abundant new 
material in the spaces between original grains or by recrystallization 
of original chemical precipitates during compaction (Figs. 108C, 109, 
and 130). Others are lithified by pressure (Fig. 108B). Tight compac¬ 
tion of clay material, for example, produces a firmly bonded aggre¬ 
gate which cannot be easily disintegrated. Some coarser clastic mate¬ 
rials are converted, by a process combining partial solution and grain 
deformation, into interlocking aggregates wherein the grains are 
bound together as in a mosaic. A combination of cementation and 
interlocking of grains by pressure has been termed welding. 

The effects of diagenesis are much more noticeable and more com¬ 
plete in some rocks than in others, and the process is certainly more 
effective in some environments than in others, though we have little 
definite knowledge about the effect of environment. Suffice it to say 
here that the materials most susceptible to change after deposition 
are deposits of clay, carbonates, and the more soluble salts in evapo- 
rites. 
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Control of Tectonic Environment 

Although the various factors that play a part in the genesis of sedi¬ 
mentary rocks have thus far been considered separately, it must not 
be assumed that these factors are unrelated. Nor should one assume 
that the various processes involved go on at a constant rate, or that 
their character remains constant. Sedimentary rocks are not produced 
by either momentary or static environments. Each is the product of 
a total environment that exists during a considerable period of time, 
and throughout a considerable area: and this total environment 
varies within these limits from time to time and from place to place. 
Such composite environments include ail the various factors men¬ 
tioned: they are difficult to classify, but are largely governed by the 
tectonic activity of the earth's crust, and they can best be described 
in terms of two or three contrasted tectonic? conditions. 

At one extreme are those broad regions in which the crust is 
relatively inactive for long periods—in which the crust is stable. In 
such a region, after long undisturbed operation of the gradational 
processes, relief tends to be low and climate mild and uniform. 
Decomposition of rocks by weathering tends to become complete 
because removal of the weathered debris is slow. When the detritus is 
removed, it may be carried for a tremendous distance, perhaps being 
temporarily deposited and reworked many times before it finally 
comes to rest. The deposits produced, although large in volume, are 
spread over so extensive an area that they form relatively thin 
blankets. The stable crust thus attains a general profile of equilib¬ 
rium, over which sediment may be swept for vast distances and 
on which it may lie unburied for long periods, perhaps being washed 
periodically by currents while excess detritus is carried onward to 
deeper basins. Only a gradual subsidence of the depositional area, or 
a rise of the base level, will allow the accumulation of a great thick¬ 
ness of sediment. A stable environment is likely to encompass exten¬ 
sive shallow epicontinental seas bordered by broad lowlands, the 
whole being a part of the stable continental platform. 

Dctrital sediments formed in such a tectonic setting tend to be 
concentrates of the relatively indestructible minerals, for only these 
are likely to survive the long weathering and transportation. Grains 
° sand and pebbles commonly become well rounded, and the 
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deposits tend to be well sorted, the sand and clay being deposited in 
separate layers. In warm epicontinental seas, calcareous organisms 
and inorganic precipitates are commonly abundant, so that wide¬ 
spread sheets of limestone may be formed. The assemblage of deposits 
formed in the most stable regions, then, usually includes quartz 
sandstones and clay shales, and also, where marine conditions prevail, 
numerous more or less pure limestones, including many fragmental 
types. 

At the other extreme is a tectonically active, or unstable , environ¬ 
ment, where rising uplands and subsiding basins result from active 
diastrophism. Relief tends to be moderate or high, and is maintained 
or even increased so long as diastrophism continues unabated. Such 
environments foster rapid sedimentation. Decomposition by weather¬ 
ing is slight because erosion rapidly strips the debris from the source 
areas; transportation is relatively rapid; and the sediment may be 
carried for only a short distance, to be dumped into subsiding basins, 
in which it piles up comparatively quickly. Rapid sedimentation, in a 
geologic sense, is, of course, very slow by human standards, but sedi¬ 
mentation may be a hundred or even several thousand times faster 
in areas of active diastrophism than it is on stable platforms; and 
also the thickness of deposits formed in subsiding basins is corre¬ 
spondingly greater. 

Where diastrophism and sedimentation are concurrent, detrital 
material is usually so overwhelmingly preponderant in all parts of 
the depositional area that chemical and organic sediments are rela¬ 
tively rare, and where they do occur they are usually in thin beds 
greatly diluted with silicate rock debris. In detrital deposits formed 
under these conditions, many easily destructible minerals have com¬ 
monly survived, and the sand grains are not much abraded. Deposi¬ 
tion is so rapid that sorting tends to be poor; sand and clay are com¬ 
monly laid down together. The characteristic sedimentary rocks 
formed in very unstable environments include all manner of argil¬ 
laceous conglomerates and sandstones, together with sandy and silty 
mudstones and shales. Sediments composed of volcanic debris, and 
even tuffs and flows interbedded with the epiclastic strata, are not 
uncommon. 

There are not only many different degrees of instability in the 
earth's crust, but also many different kinds of unstable environments, 
and in each of them various sedimentary rocks are formed. It is not 
the purpose of this book to enter further into discussion of these 
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topics, but a single classic example may be drawn from the western 
Alps. There geologists have long recognized two different assemblages 
of sedimentary rocks that were deposited in two different unstable 
environments. The deposits laid down in the marine geosynclinc, or 
foredeep, that preceded the main pulse of Alpine orogeny are called 
flysch; the coarser deposits laid down in lowlands in front of the 
Alpine range during and after its elevation are called molasse. The 
Alpine flysch is characteristically thin-bedded and sparsely fossilif- 
erous, and its total thickness is very great. It consists largely of al¬ 
ternating layers of argillaceous and calcareous sandstone, dark-gray 
silty shale, and impure limestone, though any one or another of these 
rocks may predominate locally. The molasse is also thick and sparsely 
fossiliferous, but it includes both continental and shallow marine 
deposits, and it consists largely of sandstones, which arc often con¬ 
glomeratic. The sandstones of the molasse are commonly somewhat 
calcareous and contain numerous unstable grains of both feldspars 
and various fine-grained rocks (Fig. I00B). 

The sediments formed on the more stable parts of the crust, then, 
tend to be different from those formed in very unstable areas, and 
the differences arc to be seen in the associations, the composition, and 
the texture and structure of the resultant sedimentary rocks. But it is 
probably incorrect to say that any particular rock is always deposited 
under one set of tectonic conditions. 




The Composition and 
Texture of Sedimentaru 
Rocks 


General Classification 

Two kinds of sedimentary components have been distinguished in 
the preceding chapter. One consists of material inherited from older 
rocks, and includes the primary minerals of the parent rock together 
with such undissolved decomposition products as the clay minerals; 
the other consists of material that has crystallized in the sedimentary 
environment. The first kind, in other words, consists of minerals that 
originate outside the area of deposition, are transported into it in the 
form of solid particles, and are mechanically deposited. These com¬ 
ponents arc termed allogenic or detrital. The minerals of the second 
kind, which originate by chemical precipitation either within the 
basin of deposition or later within the sedimentary deposit itself, are 
called authigenic. The authigenic minerals are, of course, the chief 
components of the chemical and organic deposits and of the intersti¬ 
tial cements in detrital sediments. 

Most sedimentary rocks are mixtures of allogenic and authigenic 
components. Some recent deposits, to be sure, are completely detrital, 
but few indeed are the ancient sedimentary rocks that are either 
purely detrital or purely authigenic. Many rocks are called by names 
that indicate that they are mixtures: we commonly speak of sandy 
limestone and calcareous sandstone, referring to mixtures of allo¬ 
genic silicate sand and authigenic calcite, and of argillaceous lime¬ 
stone and calcareous shale, referring to mixtures of clay material 
and authigenic calcite. Some composite rocks, however, do not have 
compound names: marl, for example, is a mixture of clay and calcite 
in nearly equal amounts, and porcellanite contains mixtures of authi- 
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genic silica and allogenic clay material, usually with some calcite as 
well, compacted into a hard rock having the luster of unglazed 
porcelain. 

Many different combinations can be conceived, but, iortunately 
for purposes of description and classification, only a few of the pos¬ 
sible combinations are quantitatively important. The most common 
of these are mixtures of the following four types of material: 

(1) Typically allogenic constituents. 

(a) Sand, silt, and pebbles. Relatively large detrital grains (p. 
279) consisting chiefly of quartz, other common rock-forming 
silicates, and fragments of rock. 

(b) Clay and the finest silt. Minute detrital grains (p. 279) con¬ 
sisting chiefly of clay minerals, but usually including other 
fine-grained micaceous minerals such as sericite and chlorite 
and also tiny fragments of quartz. 

(2) Typically authigenic constituents. 

(c) Lime carbonates. Chiefly calcite. dolomite, and ankcrite. 

(d) Chert. Precipitated silica in the form of opal, chalcedony, or 
microgranular quail/. 

I he composition of the common sedimentary rocks can be de¬ 
scribed in terms of these four classes of constituents, each class being 
regarded as a sort of “end member," which may be mixed with the 
others in any proportion. Some sedimentary rocks, such as pure 
chert, chemical limestone,* and sand, consist entirely of a single “end 
member," but much more abundant arc the rocks of mixed composi¬ 
tion, which are classified according to their chief components. 

No sharp boundaries divide the various kinds of sediment, and 
any classification of sedimentary rocks is necessarily arbitrary. The 
essential fact to be remembered is that variations among sedimentary 
rocks are continuous and that all types are therefore gradational. 

I his fact is illustrated graphically by Figure 91, in which sediments 
are shown as mixtures of only three components. In these triangular 
diagrams—the corners of one triangle representing carbonate, clay, 
and chert, and those of the other carbonate, clay, and sand—points on 
either triangle represent all possible mixtures of the three compo¬ 
nents represented by its corners. Mixtures involving sand and authi- 

. IS not in,cn <led ‘o imply here that all of the calcite and dolomite in sediments 
is authigenic. although most of it is. Debris eroded from older limestones may accu¬ 
mulate 10 form detrital limestone. 



270 


SEDIMENTARY ROCKS 



Figure 91. General Classification of Sedimentary Rocks 


I he arbitrary character of each named category is indicated by omitting fixed 
boundaries from the diagram. Pure detrital rocks arc mixtures of sand and 
clay, and lie along the bottom line of the diagram; pure chemical or organic 
mixtures of carbonates and silica lie along the top line. The entire intermediate 
area represents the more common sediments, which arc mixtures of allogenic 
and authigcnic materials. The dividing line between detrital rocks on the one 
hand and chemical rocks on the other would be a horizontal median line through 
the diagram; that is, rocks containing more than 50% allogenic material arc 
called detrital, whereas those containing less are classed as chemical or organic. 

genic chert together in the same rock, and also those involving silt 
in place of sand, need not be illustrated, for they would be classified 
in similar fashion. 

Complete classification of sedimentary rocks involves consideration 
of other authigenic mineral components in addition to those in¬ 
cluded in Figure 91, but the principles of classification are the 
same. Phosphorites, for example, are sediments in which a principal 
constituent is the cryptocrystalline variety of apatite called collo- 
phane. This material may occur practically pure, but is generally 
mixed with sand, clay, or carbonates to form phosphatic sandstones, 
shales, and limestones. Evaporites are sediments containing the more 
soluble salts, such as gypsum, anhydrite, and various halides, precipi¬ 
tation of which is caused by evaporation. These, too, may occur 
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nearly pure but are very commonly mixed with sand, clay, or lime 
carbonates. Still other authigenic components include such iron-rich 
minerals as hematite, siderite, glauconite, and chamosite, and sedi¬ 
ments that contain an abundance of these are commonly termed 
ironstones. 

The chapters that follow are devoted to the description of the most 
common sedimentary rocks, broadly grouped as arenaceous rocks, 
argillaceous rocks, and the carbonate rocks limestone and dolomite. 
Each of these groups will be subdivided according to mineral content 
and textures, and an attempt will be made to emphasize the grada¬ 
tions from one class to another. A final chapter is allotted to descrip¬ 
tion of miscellaneous sedimentary types that are locally abundant. 
Before we begin detailed descriptions of these rocks, however, certain 
general features of rock fabric and mineralogy remain to be discussed. 


Occurrence and Stability of Minerals 
in Sediments 


Any mineral may occur as an allogenic mineral in sedimentary rocks. 
To do so it need only be present in the source area and survive the 
process of sedimentation. Many common rock-forming minerals, 
however, are unstable; they tend to be destroyed or altered during 
weathering, transportation, or diagenesis, and are therefore less com¬ 
mon in detrital sediments than in the source rocks. Minerals that 
remain essentially unchanged by sedimentary processes are called 
stable. But stability in this sense is relative, and on this basis min¬ 
erals do not fall readily into two groups. They resist destruction in 
varying degrees: at one extreme are such minerals as calcite and 
olivine, which dissolve or decompose very readily under some surface 
and near-surlace conditions; at the other extreme are such minerals 
as quartz, which effectively resist change in all sedimentary environ¬ 
ments. Between these extremes are many minerals of intermediate 
stability. 


Consider, for example, the common ferromagnesian silicates of 
igneous rocks. Subjected to chemical weathering or to intrastratal 
solutions in buried sediments, olivine decomposes most readily, fol¬ 
lowed by pyroxenes, hornblende, and biotite, the same order in which 
they normally crystallize from cooling magmas. Among feldspars the 
lime-rich varieties decompose more readily than those richer in al¬ 
kalies; the most stable are albite, orthoclase, and microcline. Quartz 


2 7 2 SEDIMENTARY ROCKS 

and muscovite stubbornly resist decomposition. The stability series 
among these minerals, then, is similar to the magmatic reaction 
series, the last-formed or lower-temperature igneous silicates being 
the most stable in sedimentary environments. 

Rock-forming minerals may be arranged into a general stability 
senes to express their relative resistance to destruction by normal 
processes of sedimentation; but it is an error to assume that the 
series remains the same under all conditions. Calcite, for example, is 
readily dissolved by surface solutions during weathering in warm hu¬ 
mid regions where vegetation is abundant, but it is not so readily dis¬ 
solved in arid regions where vegetation is scarce. In the depositional 
environment, and during later diagenesis, calcite commonly crystal¬ 
lizes as an authigenic mineral, and is then perfectly stable. Alkali 
feldspars, also, judged by their frequent formation as authigenic crys¬ 
tals. are stable during diagenesis of marine sediments; yet they are 
destructible and comparatively unstable under most conditions of 
weathering and transportation. Among the clay minerals formed by 
weathering, kaolinite is generally stable under acid conditions and 
montmorillonite under alkaline conditions, but there is evidence that 
both tend to change slowly to illite or chlorite during marine diagene¬ 
sis. 

Very little is yet known about the relative stability of minerals in 
various diagenetic environments, as. for example, in marine com¬ 
pared with fresh or very saline waters, but the stability series is pre¬ 
sumably different in each. Some common minerals, however, are 
apparently never authigenic and probably always tend to be elimi¬ 
nated by intrastratal solution during diagenesis. Such, for example, 
are the high-temperature silicates of igneous rocks (olivine, pyroxene, 
hornblende, and calcic plagioclase). which are not known to crystal¬ 
lize at the low temperatures of the sedimentary environment. Since 
these minerals are common in igneous and metamorphic rocks and 
scarce in the older sedimentary rocks, they must be largely eliminated 
during sediment history. 

The purposes of this discussion can best be served by classifying 
the more common minerals into the following general groups. 

(1) Unstable minerals. 

(a) Minerals that are rarely if ever authigenic. These minerals 
tend to be destroyed or altered during any or all stages of 
the sedimentary cycle—by weathering, transportation, or 
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diagenesis. In approximate order of increasing stability 
the commonest are olivine, pyroxene, calcic plagioclase 
(An,ooao). hornblende, andesine-oligoclase, sphene, epidote, 
andalusite, staurolite. kyanite. sillimanite. magnetite, ilme- 
nite, garnet, and spinel. 

(b) Minerals that are commonly authigenic. These minerals are 
generally stable during diagenesis, particularly during marine 
diagenesis; in other words, they tend to resist alteration once 
they are deposited in a sediment. But they tend to be de¬ 
stroyed by weathering and abrasion and therefore must be 
classed as unstable when they are detrital*. In approximate 
order of increasing stability the commonest are gypsum, vari¬ 
ous carbonates, apatite, glauconite, pyrite, zeolites (par¬ 
ticularly lime varieties), chlorite, albite, orthoclase, and 
microcline. 

(2) Stable minerals. Minerals that effectively resist destruction dur¬ 
ing all stages of the sedimentary cycle. These minerals occur as 
both detrital and authigenic constituents. The commonest are 
clay minerals collectively.* quartz, chert, muscovite, tourmaline, 
zircon, rutile, brookite, and anatase. 


All the minerals included in the foregoing table are commonly 
found in sedimentary rocks, but only a few are likely to be abundant. 

The most abundant are quartz, which is the chief component of sand¬ 
stone, and the clay minerals, which are the chief constituents of the 
argillaceous sediments. Next on the list are the feldspars orthoclase, 
microcline, albite, and oligoclase-andesine, the carbonates calcite and 
dolomite, and silica in the form of chert. Widespread but consider¬ 
ably less abundant are the iron oxides, limonite and hematite. All 
other minerals together constitute probably less than 3 percent of the 
average sedimentary rock. Locally, however, some of the less common 
constituents may be so concentrated as to become principal compo¬ 
nents in particular deposits, and of these the most common are limo¬ 
nite, hematite, siderite, glauconite, chamosite, gypsum, anhydrite, 


To call the clay minerals stable is to classify them as a group and is correct only in 
a y ery general sense. Each variety of clay mineral is strictly stable, during either 
catncring or diagencsis. only under particular conditions <pp. 327 - 329 ). Montmorillo- 
tc ami kaolmitc, for example, arc the clay minc.als generally produced by weathering 
• <empe.atc ,c K ,on '* whc,t « the mineral g.bbsitc is abundant in many clays pro 
cu i>y intensive wcathenng in sub tropical and tropical climates. Illite is perhaps 
»hc most gcneially stable form of clay in marine environments. 
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halite, and collophane. All other minerals are normally to be re¬ 
garded as minor accessories. 

It is particularly noteworthy that the most widespread sedimentary 
minerals, and particularly the ones that may be abundant in sedi¬ 
mentary rocks, are among those that are stable during diagenesis. 
That is, they are minerals that may crystallize at low temperatures. 

I he most common of all, quartz and the clay minerals, are stable in 
all sedimentary environments. 


Textures of Sedimentary Rocks 

1 he term "texture” refers to the fabric of a rock—to its physical 
make-up as distinct from its mineral or chemical composition. Similar 
textures are to be found among rocks of very different mineral com¬ 
position, and rocks of diverse texture may be similar mineralogically. 
Limestone, for example, has many textural varieties. All these consist 
essentially of calcite, but some are coarsely crystalline and others are 
so fine-grained that no individual crystals are easily visible. Some are 
composed of grains all of a single size, whereas others are mottled by 
large crystals scattered through a matrix of smaller ones. In some 
limestones crystals of calcite interlock tightly, producing a non-porous 
structure like a mosaic, but other limestones are porous. The calcite 
crystals may be arranged in a lamellar or fibrous fashion having a 
recognizably organic structure; they may be sparry crystals having 
a crude columnar structure such as develops by crystal growth nor¬ 
mal to the walls of an open cavity; more commonly they are equant 
grains and the rock has a sugary appearance. Some limestones are 
oolitic, consisting of innumerable small spheroids each usually hav¬ 
ing concentric structure. In still others the calcite has the character 
of sand grains, which may be either uncemented or very firmly ce¬ 
mented by calcite precipitated in the pores between the grains. All 
the features referred to in this example are textures, and they con¬ 
stitute a significant and useful basis of rock classification. 

To decide how a sedimentary rock was deposited, one must study 
both the mineral composition and the textural relationships between 
individual components of the rock. Mineral content alone will not 
suffice. Authigenic and allogenic minerals, for example, cannot be 
distinguished simply by composing two lists, one of presumably 
authigenic mineral species and the other of allogenic species, for a 
great many minerals would be found on both lists. In fact, the most 
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common sedimentary minerals (clay minerals, quartz, alkali feld¬ 
spar, and carbonates) are both authigenic and allogenic. The distinc¬ 
tion between mechanically deposited fragments and materials that 
have been chemically precipitated or recrystallized is based primarily 
on textural features. It is therefore appropriate to divide rock tex¬ 
tures into two broad classes—namely, those that are clastic, or frag¬ 
mental, and those that are non-clastic. 

Non-clastic Textures 

A typical non-clastic fabric consists of interlocking crystals so 
molded to each other that there is no visible intergranular pore 
space. It may be likened to a mosaic, and is commonly referred to 
as crystalline granular. The individual grains within it may have a 
variety of shapes and sizes, and their boundaries may be either 
smooth and regular or jagged and irregular. There are also in non- 
clastic sediments a few non-crystalline, or amorphous, textures, like 
that of opal, but they rarely characterize large masses of rock. 

The essential features of non-clastic crystalline textures arise by 
the growth or enlargement of crystals within an aggregate, and they 
can best be described by considering the stages of their development. 
The crystals first precipitated from a solution are small, and are en¬ 
veloped in a saturated solution which nourishes them and in which 
they may grow freely. These initial crystals may be attached to any 
solid surface with which the solution is in contact, or they may form 
in suspension. However, the aqueous solutions in seas and lakes 
which produce most chemical sediments are so fluid and have such 
low density that any suspended crystals quickly settle to the bottom. 
The accumulated precipitate is a porous aggregate of crystals which 
do not interlock. Lime muds, for example, are of this sort, but they 
do not long remain in this condition. The crystals are pressed closer 
together by the weight of additional sediment, and they may con¬ 
tinue to grow by precipitation from the saturated solution that 
remains in the pores of the deposit. In most chemical sediments, 
at least partial recrystallization of the original precipitate is induced 
by increased pressure resulting from burial. This is a low-tempera¬ 
ture metamorphic or diagenetic process, and the resulting textures 
should properly be called crystal lob las tic (p. 166). 

Without any recrystallization whatsoever, precipitation from dilute 
aqueous solutions would be expected to result in rather porous 
fabrics. More compact deposits may result from crystallization of 
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concentrated brine, but even the evaporites in desiccated lake basins 
have a large intergranular porosity so long as they remain unburied 
and unrecrystallized. Compact, non-porous textures do result, how¬ 
ever, where crystal aggregates grow by slow accretion outward from 
a solid surface into a saturated solution. To nourish these growths, 
there must be a continuing supply of ions in solution, and these 
must be brought to the site of crystallization by diffusion or by 
movement of the solution itself. If these conditions are met, a com- 
pact aggregate results, as, for example, in many cavity and fissure 
fillings and in the cement that fills the pores of many rocks. 

Since sediments of chemical origin all consist of minerals that are 
at least appreciably soluble in water, they are particularly susceptible 
to recrystallization during diagenesis, especially after temperature 
and pressure are increased by burial. These rocks therefore very 
commonly have crystalloblastic textures. During simple recrystalli- 
zation of original sediment, without addition of any new minerals, 
the grain size of an aggregate tends to be enlarged, so that individ¬ 
ual crystals become tightly interlocked. Boundaries between the 
crystals may be relatively smooth, as in a mosaic, or they may be 
jagged and interpenetrating. In either case the fabric is without vis¬ 
ible spaces between grains. Where replacement of the original sub¬ 
stance by new minerals takes place, the result may be different. 
Reduction rather than increase of grain size may occur, as in dolo- 
mitization or silicification of coarse limestones, and porosity may be 
produced if the new materials occupy less volume than the original. 

I he effects of solution during diagenesis are to be found in many 
rocks containing minerals soluble in water. This may, of course, 
produce cavities, thus increasing the porosity of the rock. Stylolites 
are commonly regarded as a result of solution along some buried 
surface which is kept closed by pressure as soluble material is re¬ 
moved. Where adjacent grains in a rock interpenetrate in a manner 
suggesting differential solution along the grain boundaries, they are 
said to have microstylolitic boundaries (Fig. 115B). Such contacts 
commonly have a little opaque matter concentrated along them, and 
they may transect a grain or fossil fragment in such a way as to 
suggest that it has been partly removed after deposition. 

By whatever process they arise, non-clastic crystalline textures 
may consist of innumerable very small crystals or fewer large ones. 
Macrocrystalline, or crystalline granular, texture is that of aggre¬ 
gates in which the grains are visible to the unaided eye, being 0.2 
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mm. or larger in diameter. These, of course, may be further subdi¬ 
vided into coarse-grained (> 5 mm.), medium-grained (1-5 mm.), 
and fine-grained (< 1 mm.) types. If the texture is visibly crystalline 
but the individual grains cannot be distinguished with the unaided 
eye, it may be called microcrystalline . This term is probably most 
commonly applied to aggregates of crystals ranging in diameter from 
0.01 to 0.2 mm. I he texture of rocks in which no crystallinity is 
visible except at very high magnification is called cryptocrystalline. 
Aphanitic is a convenient term including both microcrystalline and 
cryptocrystalline textures in hand specimens. 

Both even- and uneven-grained crystalline textures are common 
in sedimentary rocks, corresponding to granoblastic and porphyro- 
blastic textures in metamorphic ro<ks or to equigranular and por- 
phyritic textures in igneous rocks. The character of the fabric 
depends, in part, on the various habits of the component crystals. 
Some crystalline sedimentary rocks contain cuhedral crystals, such 
as those of dolomite, pyrite, quart/, and alkali feldspar that replace 
limestones, but much more commonly they consist wholly of anhe- 
dral grains. Most grains are roughly equidimensional, giving a sug¬ 
ary granular appearance to the rock. Crystals having other habits, 
such as fibrous, prismatic, and platy, may be arranged in many ways 
to produce a variety of structures. Some non-elastic fabrics are il¬ 
lustrated on later pages in Figures 112-114, 119-123, 132, and 133. 

Clastic Texture 

Rocks formed by accumulation of mineral and rock fragments 
have clastic texture. The particles may have any size, form, or com¬ 
position, and they may be packed together in any fashion, loosely 
or very tightly. Most clastic aggregates, like sand and gravel, have 
some intergranular porosity, but they may become non-porous and 
impermeable by crystallization of authigenic cement in the pores. 
Or, by very tight packing and perhaps partial solution of grains 
under pressure of deep burial, a clastic rock may be welded into 
an aggregate which simulates crystalline granular texture. The term 
clastic," however, is as appropriate for such consolidated rocks as 
it is for incoherent porous sand; indeed, it may be applied to the 
texture of any aggregate whose original fragmental character is 
clearly visible or can be inferred with assurance. 

In all fragmental aggregates having a wide range of particle sizes, 
the material is conveniently subdivided, for purposes of description. 


SEDIMENTARY ROCKS 


278 

into grains and matrix, which are roughly analogous to the pheno- 
crysts and groundmass of porphyritic igneous rocks. No particular 
grain size is implied in the distinction; the terms have reference to 
the relative size of particles and to their disposition in the aggregate. 
By statistical size analysis, however, it is found that even the most 
poorly sorted clastic sediments include a continuous series of sizes 
between their smallest and their largest panicles. There is thus no 
distinct difference in particle size between what are called “grains” 
and what is cajled “matrix," as there always is between phenocrysts 
and groundmass in igneous rocks, but smaller particles are normally 
packed between the larger ones, and in the aggregate they have the 
appearance of a matrix containing and surrounding the larger 
grains. I he distinction between the two is based simply on this vis¬ 
ual contrast, which can be seen only in the aggregate and results 
from the different form and darker color of the finer material. If 
grains compose more than about two-thirds of a rock, some of them, 
at least, will be in contact, and the matrix simply fills in the poten¬ 
tial pores between them. Where grains are much fewer, they “float” 
in the matrix; in other words, they are loosely packed and scattered 
through the matrix, in which they appear to be suspended. Only 
clastic rocks that are poorly sorted, having a wide range of particle 
sizes, can be said to contain a matrix. Well-washed and well-sorted 
detritus, no matter what the size of its particles, is said to be com¬ 
posed of grains alone. 

Except for those most recently deposited, few clastic sedimentary 
rocks are altogether lacking in authigenic cement. Minerals com¬ 
monly crystallize in the voids between fragments, precipitating first 
on the grain surfaces and gradually filling the pores by continued 
growth. Cement is very common in fairly well-sorted silts, sands, and 
gravels, but it is much less common in argillaceous sediments, prob¬ 
ably because the impermeable character of clay tends to prevent 
migration of solutions and the precipitation of large amounts of 
cement. Argillaceous material alone is a firm bonding agent when 
compacted, and it commonly serves to consolidate sedimentary rocks 
that do not contain precipitated cements. 

All detrital rocks have clastic texture; so also do many sediments 
composed of authigenic minerals, such as calcite and dolomite, 
which, having been precipitated on the sea floor, are moved about 
and thus take on the appearance of clastic grains. As they move on 
the sea floor, the authigenic particles may be sorted and current- 
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bedded, or they may accumulate as ill-sorted aggregates. Commonly 
they become mixed with detrital silicates, but in favorable localities 
they are undiluted. Diagenetic recrystallization and replacement, to 
which such rocks are particularly susceptible, may later destroy all 
trace of the original clastic texture. Often, however, the outlines of 
original clastic grains are discernible within the recrystal I i/ed aggre¬ 
gates. Among the chemical sediments, limestones, in particular, are 
apt to be clastic, and probably more of them are clastic than strictly 
crystalline. Figures 115-117 illustrate clastic texture in limestones. 

Size and Sorting of Clastic Grains 

Size, being one of the most readily visible properties ol a particle, 
is the basis for classification ol unconsolidated clastic sediments as 
gravel, sand. silt, and clay. Fac h ol these terms has been given quan¬ 
titative definition as follows: 


Name i of Par tides Ihamtlm oj Partides * 



boulders 

.. .more than 256 min. 





cobbles 

. from 256 mm.,. 


to 64 mm. 

Gravel- 

pebbles 

. from 

64 inm. 


to 

4 nun. 


granules . 

. from 

4 mm. 


. to 

2 mm. 


' very coarse,. 

. from 

2 mm. . 


. to 

1 mm. 


coarse.. 

. from 

1 mm... 


to 

.5 mm. 

Sand - 

medium .... . 

.from 

.5 mm. . 


to 

.25 mm. 


fine 

from 

.25 inm. 


to 

.125 nun. 


very line. . 

from 

.125 mm. . . . 


. to 

.062 (or .05) mm. 

Sill ... 


. from 

.062 (or .051 

min. 

. to 

.005 mm. 

Clay. . 

, , ... 



. less than 

.005 mm. 


From this c lassification arises the familiar nomenclature of detriial 
deposits, conglomerate, sandstone, siltstone, and claystone or mud- 
stone.f An aggregate composed mainly ol sand-sized grains is called 

• t he she of a panicle can Ik* defined in various wavs—by volume, by diameter, by 
sieve mesh through which particles will pass, by weight, or by sealing velocity in a 
fluid, the diameter of irregular, non spheroidal grains is not easy to define: in this 
tabic, "diameter" refers to the average or mean diameter of a particle, 
t Alternative names derived from Creek and Latin roots arc psephite or rudite for 
gravelly aggregates, psammite or arenitr for sandy rocks, anil petite or lulite for clay 
rocks. Argillite is also a clay lock, but the term customarily refers to one that is very 
firmly indurated and perhaps slightly lecrystalli/cd. Adjectives indicating clay mate¬ 
rial are argillaceous, Intaerous. and prhiic; those indicating sandy matciial arc arena - 
trout and psammitic; those indicating giavcl or conglomerate arc rudaeeous and 
psephitic. 
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sand, or sandstone if consolidated; one in which most of the particles 
are smaller than sand but coarser than clay is silt or siltstone; and 
a g§Tegates of the finest particles are clay or claystone and mud or 
mudstone (p. 326). If more than a quarter of the grains are coarser 
than sand, the loose aggregate is gravel or rubble, and the consoli¬ 
dated rock is conglomerate or breccia (p. 296). This classification of 
detrital aggregates is simple and widely used. It also has genetic sig¬ 
nificance because grain size in a clastic aggregate is determined by 
the hydrodynamics of erosion and deposition. 

No clastic sediment is perfectly sorted; many contain a wide 
range of particle sizes and are very poorly sorted indeed. Poorly 
sorted rocks are generally designated according to the predominant 
grain size present. For example, a rock that contains 55 percent sand, 
15 percent silt, and 30 percent clay may be called a sandstone. The 
name "sandstone" alone, however, does not distinguish the rock 
from one composed entirely of well-washed sand grains. It is best, 
therefore, to call such a heterogeneous rock by a term that contains 
a qualifying adjective, or by some specific term. It may be called an 
argillaceous sandstone, but in this book it will be called a wacke. 

Differences in sorting among clastic sediments have great genetic 
significance, and there is need here of roughly defining the terms 
used in characterizing these differences. To say that the particles of 
unsorted and poorly sorted deposits vary greatly in size means that 
the larger particles are many times larger than the smaller ones. Sand 
grains, for example, are larger than the finest clay particles by a 
thousand times or more, and a rock in which the two, together with 
all intermediate sizes, are mixed together is poorly sorted. The 
range in particle size would be far greater still in an argillaceous 
conglomerate, but it would be less great in mixtures of sand and 
gravel without clay, which would therefore be somewhat better 
sorted. In the best-sorted clastic sediments, resulting from highly 
selective deposition, the largest particles have no more than five or 
ten times the diameter of the smallest. A rock that is well sorted may 
be fine or coarse, provided it consists of particles that are fairly uni¬ 
form in size. 


Sphericity and Roundness of Clastic Grains 

The sphericity, or shape, of a grain is its degree of approximation to 
spherical form, whereas its roundness is the angularity of its edges 
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and corners. According to their shape grains may be grouped quali¬ 
tatively as spheroidal or equidimensional. disk-shaped or platy, rod¬ 
shaped or prismatic, and blade-shaped; according to their degree of 
roundness they arc angular, subangular, subrounded, and rounded. 
These two properties, although frequently confused, are geometri¬ 
cally distinct and not fundamentally related. Particles of the same 
shape may have varying degrees of roundness, and those of similar 
roundness may have various shapes. Dodecahedral garnet crystals, 
for example, are spheroidal whether their interfacial edges are 
sharply angular or have been rounded by abrasion, and a prism of 
hornblende that was originally euhedral and sharply angular may 
become well rounded without losing its general prismatic shape 
(Fig. 92). 

Precise determinations of spheric ity and roundness, involving, as 
they do. all three dimensions of a particle, are tedious and are not 
normally made in routine sedimentary analysis. Generally the shape 
and roundness of grains are estimated by \isual comparison with a 
set of standards from the outlines ol grains as seen in two dimen¬ 
sions. I hin sections lend themselves to this sort of qualitative eval¬ 
uation. but in them roundness is more reliably represented than 
sphericity, being sliced along a random plane, each grain in a thin 
section reveals two random diameters which commonly do not ade¬ 
quately represent its shape—or sphericity—but do give a good idea 
ol its degree of roundness. 


Sphericity and roundness differ in significance. Sphericity is 
largely inherited; it depends on the shapes of minerals in the 
parent rocks or on their fracture habits, and is relatively little al¬ 
tered during transportation. It does exercise a major influence, how¬ 
ever. on the hydrodynamical behavior of a particle, affecting its 
settling velocity and mode of transport in a fluid current. Thus it 
affects selective transportation, for grains are commonly sorted by 
shape as well as by si/e and density. Roundness, on the other hand, 
has little effect on the behavior of a particle in a fluid; it is, rather 
a measure of the amount of abrasion during transportation and of 
the susceptibility of particles to abrasion. 

Subdivision of clastic deposits according to the roundness of their 
particles cannot be applied to very fine-grained deposits because 
small particles are not abraded and are invariably angular; but it 
's readily applied to the coarser deposits. Thus breccia is a coarse 
giaincd clastic rock composed of angular grain; a similar rock con- 
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Figure 92. Two-dimensional Sphericity and Roundness of Grains 

As seen in two dimensions, grains are either equidimensional or elongate. Cross- 
sections of a sphere, the small section of a prism (rod), and the broad section of 
a disk are all equidimcnsional. The long sections through rod-, disk-, and blade¬ 
shaped grains are elongate. Typical quartz grains, shown in the lower and m.ddle 
parts of the diagram, tend to be equidimensional rather than markedly elongate. 

The four vertical columns represent four classes of roundness, which can be 
described qualitatively as follows. Angular: all corners sharp, having radius of 
curvature equal to zero; surface not abraded. Subangular: comers not sharp but 
have very small radius of curvature; most of surface not abraded. Subrounded: 
corners very noticeably rounded but surface not completely abraded. Rounded: 
entire surface abraded; radius of curvature of sharpest edges is about equal to 
radius of maximum inscribed circle. 
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taining grains that have been abraded and hence are somewhat 
rounded is conglomerate. Among sand rocks, grit is an aggregate of 
coarse angular grains. Gannister is a fine-grained quartzose sand¬ 
stone consisting of angular grains cemented with authigenic silica. 
The term microbreccia is appropriately used for ill-sorted sandy 
rocks in which the grains are sharply angular. 


Packing of Grains 


The particles of a clastic aggregate can be arranged and packed 
together in many different ways. If they are so arranged as to occupy 
the smallest possible total volume, the pore space between particles 
is at a minimum. Such packing one might expect to find in aggre¬ 
gates subjected to high pressure at considerable depth, and in some 
a KK re K ales of this kind the grains have been sufficiently deformed, 
or differentially dissolved at points of contact, to become locked 
together in a mosaic with very low porosity. In natural clastic ag¬ 
gregates, the particles are not. as a rule, so closely packed; such aggre¬ 
gates are generally rather porous. 

The possible packing schemes can be systematically analyzed 
where all particles are identical and no deformation of individual 
particles occurs. Such an analysis has been made by Graton and 
Fraser* for aggregates of uniform spheres, and their findings, al¬ 
though not directly applicable to natural aggregates, are neverthe¬ 
less most instructive. If the spheres are systematically arranged in a 
cubic fashionf and packed so as to touch each other, the aggregate 
texture is open and has a porosity of 47.5 percent. If the spheres are 
packed in a rhombohedral fashion.! the aggregate has the smallest 
bulk volume that can be produced without distortion of the grains, 
and its porosity is only 26 percent. Between these extremes are sys¬ 
tematic packing schemes which yield intermediate values of bulk 
volume and porosity. But the packing arrangement may also be hap¬ 
hazard, or non-systematic, producing porosities as high as 45 or 50 
percent. Chance packing, the arrangement normally to be expected, 


. L C Craion and H. J. Fraser. "Systematic Packing of Spheres with Particular Rela¬ 
tion to Porosity and Permeability.” Jour. Geo /., vol. 43. pp. 785-910. 1935. 

• In cubic packing the unit cell contains eight spheres each centered at one of the 
*"' K , Cornc,N ? f “ cul»c whose edge is the diameter of the spheres. Rhombohedral pack¬ 
ing lias a unit cell of eight spheres each at the corner of a regular r horn boh edrnn 
uhoNC edges equal the diameter of the spheres. 
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is a combination of systematically packed grain colonies surrounded 
by, or alternating with, colonies packed haphazardly. The average 
porosity of chance-packed aggregates of uniform spheres is slightly 
less than 40 percent. 

Variations in size, sphericity, roundness, and sorting of the grains 
m a clastic aggregate complicate the possible packing schemes enor¬ 
mously. Irregular, non-spherical grains might be so arranged that 
the irregularities of one fit those of another in roughly complemen¬ 
tary fashion, like the stones in a well-built stone wall. Such an ar¬ 
rangement reduces bulk volume and porosity, whereas a loose, hap¬ 
hazard packing of the same irregular particles produces especially 
porous texture. \\ here an aggregate is poorly sorted, containing a 
wide range of particle sizes, the smaller are packed between the larger, 
and low porosity and bulk volume per unit of solid volume are to 
be expected. I his is the well-known relationship between sorting 
and porosity—namely, that poor sorting produces lower porosity. 

Thin sections, being random planes cut through a chance-packed 
aggregate of natural grains, do not represent precisely the actual 
packing and porosity of the aggregate. I he petrographer examining 
clastic aggregates in thin section must therefore interpret his obser¬ 
vations in the light of his general understanding of the relation 
between the thin section and the three-dimensional aggregate from 
which it is sliced. We are again indebted to Graton and Fraser for 
an ideally simplified illustration of the problem. Figure 93 shows 
the distribution of voids and grains seen on a random plane cut 
through a chance pac ked aggregate of uniform spheres, and it clearly 



Figure 93. Distribution ol Voids 
and Spheres on a Random Plane 
Section Through an Aggregate ol 
Uniform Spheres Chance-packed in a 
Container 


Figure after L. C. Graton and H. J. Fraser. Journal of Geology, vol. 43. 1935. 
p. 848. figure 14. Note that the correct sire of spheres is rarely apparent and that 
many are apparently not in contact. 
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Figure 94. 


Recent Sands as Seen in Thin Section 

A. 1mil bcadi sand. Point Reyes. California. Impregnated with plastic before 
collection in order to preserve texture. Diam. 3 mm. Uncompaeied sub- 
rounded grains very well sorted; porosity very high—about 30 percent. This 
is a 1 it hie sand with high feldspar content; it contains abundant chert grains 
(heavily stippled), quart/ (lightly stippled), feldspar (shown with cleavage 
lines), and various rot k fragments. 

b. Sand from channel of Jacalitos Creek. Coalinga. California. Impregnated 
with plastic before collection in order to preserve texture. Diam. 3 mm. 
1 n<omp.it ted sul,angular grains (.inly well sorted; porosity very high; finer- 
grained layer at Irottom. I his in a htliit sand th rived from a mixed sedi¬ 
mentary terra tie intituling volcanit sandstones; it contains about 10% chips 
oi andesite, argillite, shale, elicit, and serpentine, 35% quart/, and 25% 
feldspar. 

reveals some of the shortcomings of thin sections when carelessly used 
lo 1 c-prc*sc*iit texture. I lie grains are not correctly represented as to 
si/e and sorting, and many ol them do not appear to be in contact. 
* nless the set tion t ms exae tlv through the point of contact between 
1 wo grains, they appear to he separated, and where a grain is sliced 
mar us margin it appears smaller than it actually is. Thin sections, 
ol course, are not infinitesimally thin; a small third dimension is 
visible under a microscope, and where grain boundaries are not 
1101 mai to the plane ol the section, two grains may overlap and 
appear to he in contact when they are actually separated hy a thin 
void. Suc h conut ts are lia/y rather than sharp and clear. 

I hese shortcomings do not invalidate textural observations made 
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in thin sections provided due allowance is made for them. Compare 
Figure 94AB, which shows the textures of two natural unconsoli¬ 
dated sands as they appear in random thin sections, with Figure 93, 
representing a section through a chance-packed aggregate of uniform 
spheres. I he aspect of the natural sands is modified by variations in 
particle form and size, but they as well as the aggregate of spheres 
have open textures in which most grains do not appear to be in 
contact. 

Most buried sands have, as might be expected, a more compact 
fabric than those just recently deposited. In thin sections this is 
recognized by closer packing of the grains (Fig. 95), a feature indi¬ 
cating some post-depositional change in the packing arrangement 
(compaction), however it may have been accomplished. Many an- 
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Figure 95. 

Unccmented Sandstones as Seen in Thin Section 

A. St. Peter sandstone (Ordovician). Beloit, Wisconsin. Diam. 2.5 mm. Very 
well-sorted sandstone consisting of subrounded quartz grains. The texture 
is very porous, but grains have been compacted until they are in close and 
locally intimate contact. Compare texture in Figure 94A. 

B. Temblor arkosic sandstone (Miocene), 8,000 feet below surface, Kettleman 
Hills, California. Diam. 2.5 mm. Moderately sorted sandstone consisting 
of abundant subangular grains of quartz and feldspar (with cleavage), to¬ 
gether with fewer biotite flakes (lined) and rock particles (heavily stippled). 
Texture very porous, but deep burial has caused rearrangement and com¬ 
paction of grains. Compare the texture in Figure 94B. Note deformed biotite 
pinched between compacted grains. 
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cient and deeply buried sandstones are very tightly packed indeed, 
some so tightly that their grains interlock. Where little or no ce¬ 
ment is visible in these rocks, one must assume that the detrital 
grains themselves have been forced into intimate contact. A some¬ 
what similar appearance may also be produced by a form of cemen¬ 
tation, common in quartzose sandstones, in which the detrital grains 
of quartz are enlarged by authigenic growth until they interfere and 
the pores are completely closed; such a process does not require 
tight packing of the grains (Fig. 107BC). 

l he term "packing refers specifically to the arrangement of 
clastic grains, entirely apart from any authigenic cement that may 
have crystallized between them. Thus, in estimating the packing of 
cemented aggregates, the cement should be regarded as equivalent to 
the voids in an unconsolidated rock. Some completely cemented 
sandstones consist of very loosely packed detrital grains, which, ex¬ 
cept for the cement, have textures like those of unconsolidated sand. 
Cementation in these probably occurred soon alter deposition, at the 
latest before deep burial of the detritus could produce tight pack¬ 
ing. Other deposits were more tightly packed before cementation, 
and the proportion of cement is correspondingly less. 


Orientation of Grains 

Preferred orientation of grains is common in sedimentary rocks. In 
clastic sediments, mica and other non-spheroidal particles generally 
lie with their longer diameters approximately in the bedding plane. 
With micas, indeed, this tendency is so pronounced that the orienta¬ 
tion of the flakes can be used to indicate the stratification planes when 
other evidence is lacking. Preferred orientation may go undetected 
m some sedimentary rocks, but few of them are without it. 

Preferred orientations of grains in sedimentary rocks may be 
caused either by the process of deposition or by later deformation. 
Mica flakes are oriented as they are deposited, and many are the 
stream gravels in which disk-shaped pebbles lie roughly parallel, 
with their broad surfaces dipping upstream, in what is known as 
imbricate structure. In glacial till the long axes of pebbles and cob¬ 
bles tend to lie parallel to the direction of ice motion. The platy 
structure ol some shales, on the other hand, may develop during 
compaction 01 deformation by the parallel orientation of platy clay 
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minerals, chiefly illite. An anisotropic fabric in quartz sandstone, 
which was probably produced by compaction coupled with differ¬ 
ential solution of quartz grains, is illustrated in Figure 108B. 

In a rock whose grains have preferred orientation, many proper¬ 
ties as viewed in thin section vary with the plane of the section. 
When disk-shaped particles, for example, lie parallel to the plane of 
stratification, thin sections cut across and parallel to the bedding 
will reveal different shapes and sizes of grains, different packing 
arrangements and porosities, and perhaps even different mineral 
frequencies. Other mass properties of the rocks, such as permeability 
and conductivity, also vary with the direction in which they are 
measured. Because of this fact, thin sections used in petrographic 
examination of sedimentary rocks should usually be cut normal to 
the stratification. In very thin-bedded rocks, moreover, sections nor¬ 
mal to the bedding are cut across several laminae rather than a single 
one, and thus give a more representative picture of the rock. 
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Classification 

Sandstones are detrital sediments containing abundant grains of 
sand and coarse silt . 4 They range from clean sandstones to those 
in which the sand is mixed with abundant fine silt and clay. Authi- 
genic minerals may occur in them as precipitated cement, but sand¬ 
stones are classified by their detrital components alone. The presence 
of appreciable cement may be signified by an appropriate adjective; 
calcareous and siliceous cements are the most common. 

Two types of sandstones are defined by degree of sorting. One is 
a pure or nearly pure sand rock, which in this book is called nrenite. 
It is relatively well sorted, containing little if any clay. Sandstones 
of the second type arc impure; they are unsorted or poorly sorted 
mixtures of detrital materials, their principal mark of distinction 
being an abundant matrix made up of clay and fine silt. The impure 
sandstones are grouped together under the general term wacke.-\ 
Many of them, because of their lack of sorting and the angularity of 
their grains, resemble microbreccia, and this is often an appropriate 
descriptive name. 

Considerable genetic significance attaches to the two types of sand¬ 
stone just defined. Arenitc is selectively and slowly accumulated and 
well washed by currents, whereas wackc consists of sediment "poured 
in to a basin of deposition at a comparatively rapid rate without 
appreciable selection or reworking by currents after deposition. 

• The sandstones discussed in this chapter do not include calcarenilrs, the clastic 
limestones and dolomites: these arc considered later, with calcareous rocks. 

T Georg Fischer. “Die Petrographie der Grauwacken." Preussische Ceologischr I.nndrs- 
amlalt, Jalirbuch, vol. 5-1. p. 326. 1933. 
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There are, indeed, all gradations between the least-sorted wacke and 
the best-sorted arenite, but for the purposes of classification and 
nomenclature an arbitrary distinction between the two classes must 
be made. Wackes arc here defined as containing more than 10 per¬ 
cent argillaceous matrix; all sandstones containing less than 10 per¬ 
cent matrix are classed as arenites. The term argillaceous sandstone 
may be loosely applied to impure sandstones containing an indefi¬ 
nite amount of fine silt and clay. 

Further subdivision of sandstones is based on relative content of 
stable and unstable constituents. Some sandstones contain only the 
most stable materials—chiefly quartz, quartzite, and chert, together 
with a few accessory minerals such as muscovite, zircon, rutile, and 
tourmaline. Rocks of this kind, which effectively resist further min- 
eralogic change, are among the end products of sedimentation, and 
many of them result from more than one cycle of erosion and depo¬ 
sition. In contrast to these are sandstones that contain many unstable 
components, among the commonest of which are the feldspars, a few 
ferromagnesian silicates such as hornblende and pyroxenes, and vari¬ 
ous fine-grained rock fragments. The survival of these unstable con¬ 
stituents results from rapid erosion and deposition, such as may be 
expected in regions of tectonic activity and high relief; and it is also 
favored by climatic conditions fostering mechanical break-up rather 
than chemical decay of the parent rocks. 

A basic classification of sandstones, then, consists of the following 
four major types: 

(1) Impure sandstones, or wacke. Unsorted or poorly 
sorted deposits containing considerable clay matrix. 

(a) Those containing abundant unstable Immature 

constituents (e.g., lithic, arkosic, and 

feldspathic wacke and graywacke, and 
poorly sorted arkose). 

(b) Those consisting chiefly of stable 
constituents (e.g., quartz wacke and 
quartz graywacke; quartz-kaolin 
mixtures such as sandy fireclays). 

(2) Pure sandstones, or arenites. Well-sorted or 
moderately sorted deposits containing little 
or no clay matrix. 
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(a) Those containing abundant unstable 
constituents (e.g., lithic, arkosic, 
and feldspathic arenites, and well- 
sorted arkose). 

(b) Those consisting chiefly of stable 

constituents (e.g., quartz arenite). Mature 


Here the sandstones are arranged so that the type most closely 
approximating initial sediment in the source area is placed first, and 
the type that approximates a final product, a well-sorted arenite con¬ 
sisting of stable grains, is placed last. This general classification has 
universal application to sandy rocks, for the properties on which it is 
based—namely, sorting and the content of stable and unstable grains 
—are largely determined by sedimentary processes acting every¬ 
where. Local factors, such as differences in parent rock, which are 
often fortuitous, are of less importance in this basic scheme. T here 
are, however, many different kinds of wackc and of arenite that are 
largely determined by parent rock and defined by particular detrital 
constituents. The commonest of these have been included in the 
foregoing classification as examples of each of the four major types, 
and they are more fully described on the following pages. 

Tour principal detrital components occur in sandy rocks. These 
arc (1) quartz, quartzite, and chert, which constitute the abundant 
stable grains; (2) feldspars, the most abundant unstable mineral 
grains; (8) fragments of relatively unstable fine-grained rocks, in¬ 
cluding volcanic rocks, greenstones, schists, phyllites, slates, shales, 
argillites, fine-grained sandstones, and occasionally limestones; and 
(1) argillaceous material consisting chiefly of clay but usually includ¬ 
ing some fine silt as well. 

Consider first the impure sandstones, or wackes, containing 10 
percent or more argillaceous matrix. Their classification is illus¬ 
trated in Figure 96, in which each apex of a triangle represents one 
of the three principal constituents other than matrix. Immature 


wackes, containing numerous unstable constituents, are represented 
by the lower and middle parts of the triangle. The differences 
among these chiefly reflect differences in source rocks, and two gen¬ 
eral varieties may be defined. Those containing more rock fragments 
than feldspar grains are called lithic wacke, whereas those contain¬ 


ing more feldspar grains than rock fragments are called arkosic 
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Figure 96. Classification of Impure Sandstones, or Wackes 

All impure sandstones contain 10% or more argillaceous material, which, though 
not represented on the diagram, must be understood as an essential part of each 
rock named. The diagram indicates only the relative proportions of the three 
major constituents of sand and coarse silt—namely, quartz, feldspars, and un¬ 
stable rock particles. 

The locations of numbers (referring to figures) on the diagram indicate the 
approximate compositions and classification of impure sandstones illustrated in 
this book. 


wacke if the feldspar content exceeds 25 percent, or feldspathic 
wacke if it is between 10 and 25 percent. Among wackes contain¬ 
ing abundant rock fragments, subvarieties may be specified accord¬ 
ing to the particular kinds of fragments included, as. for example. 
volcanic wacke or schist wackc. More mature than any of these is 
quartz wacke , in which the grains are largely of <|iiartz and chert. 
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Figure 97. Classification of Pure Sandstones, or Arenites 


Arcnites, as defined here, are pure sand rocks; by contrast with impure types, they 
contain little or no argillaceous matrix. The three components represented by the 
ihrec corners of the diagram (quart/, feldspars, and unstable rock fragments) 
are therefore the only major detrital constituents of arenites. 

I he locations of numbers (referring to figures) on the diagram indicate the 
approximate compositions and classification of arenites illustrated in this book. 


with feldspars and relatively unstable rock fragments making less 
than 10 percent each. 

Many of the wackes that have been deeply buried, especially the 
older ones, arc hard, dark-colored rocks having a low porosity. They 
are consolidated by a dark-colored, firmly indurated matrix, which 
has the general composition of slate or argillite and contains an 
abundance of very fine-grained micaceous and chloritic minerals. 

1 hese rocks are termed grayicacke, and they, too, can be subdivided 
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and named according to the grains that predominate in them To 
many geologists, perhaps to most, the term "graywacke" signifies not 
only a poorly sorted, hard sandstone but also one in which dark- 
colored rock fragments are abundant. This latter characteristic is, to 
be sure, a distinctive mark of many graywackes, specifically of those 
here called Uthic graywacke, but it is not an essential characteristic 
of all graywackes. Other rocks, of similar general aspect, are deficient 
in rock fragments and are rendered dark by their indurated matrix 
alone. To these rocks the name • graywacke” is equally appropriate, 
and to some of them it has been applied for many years (Fig. 98C), 
but they should be distinguished as being either arkosic graywacke ’ 
feldspathic graywacke , or quartz graywacke . 

Consider next the pure sandstones, or arenites. As shown in Fig¬ 
ure 97, they are subdivided and named in somewhat the same way 
as wackes. from which they differ chiefly in their improved sorting, 
which results from their having been deposited under the influence 
of currents that washed and winnowed the grains. The least-mature 
types are arkosic and lithic arenites, which both contain abundant 
unstable components, and which grade into each other. Among 
lnhic arenites. subvarieties can be distinguished by appropriate ad¬ 
jectives whenever they contain a preponderance of detritus from one 
source for example, andesite arenite, schist arenite, and serpentine 
arenite (Figs. 99A and 103AC). The variations between arkosic and 
lithic arenites stem from differences in source rather than from any 
fundamental differences in process or environment of sedimentation. 
Somewhat more mature are the feldspathic arenites and quartz-rich 
lithic arenites, especially the subfeldspathic lithic variety. Fully ma¬ 
ture types consist essentially of quartz ( quartz arenites) or of quartz 
and abundant grains of pure chert (quartz-chert arenites); most of 
these have a longer sedimentary history than the less mature rocks, 
usually involving more than one cycle of erosion and deposition, 
firm consolidation of arenites. unlike that of most wackes, is accom¬ 
plished by cementation or by pressure welding of the larger grains 
rather than by the bonding action of an indurated matrix alone. 

Feldspar-rich sandstones derived from granitoid igneous rocks and 
high-grade feldspathic gneisses and schists may be called "arkosic 
wacke” or "arkosic arenite," but the name usually applied to them 
is arkose. Arkoses are characterized by abundant quartz and by 
feldspar (orthoclase, microcliqe. perthite, and sodic plagioclases) 
amounting to more than 25 percent; they contain few fine*grained 
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rock particles. They are immature, hut, being defined basically by 
source rock rather than by degree of sorting, they do not fit neatly 
into the foregoing scheme of classification. They are to he found, 
for example, among both wackes and arenites. and therefore have 
been included in both Figure 96 and Figure 97. Arkoses may be 
well sorted or poorly sorted; they may be firmly bonded by cement, 
by pressure welding of grains, or by an indurated matrix, or they 
may be loose and incoherent: many are red because their matrix 
contains ferric oxides, while others are gray, green, brown, pink, or 
white. In practice they are distinguished by an over all granitoid 
aspect that leaves little doubt of their derivation from the crystalline 
basement; when their source is different or mixed or doubtful, or 
when we desire to emphasize their texture rather than (heir compo¬ 
sition, the names "arkosic arenitc" and "arkosic wacke" or "arkosic 
graywacke" are preferable. 


In American geological literature, arkosc and graywacke are fre¬ 
quently contrasted, and each is taken to signify deposition in a dis¬ 
tinct tectonic setting. As defined in this book, and as usually defined, 
arkosc anti graywacke (or wacke) can be neither strictly compared 
nor distinctly contrasted, for they arc defined by different criteria, 
(•raywacke (or wacke) is basically a textural type of rock and has 
many different compositions; it may be derived from anv source, 
hut large deposits of it usually accumulate in rapidly subsiding 
marine basins or geosynclines. Arkosc. on the other hand, reflects 
a particular source rather than a particular depositional environ¬ 
ment. Iking derived from plutonic rocks, arkoses usually originate 
in areas of maximum uplift, in which the crystalline basement rocks 
are most likely to be exposed, but they are laid down in a great 
many different environments and cannot be said to be characteristic 
of any one in particular. If granitic debris is washed into a marine 
geosynchne, for example, there is no reason why the resulting de¬ 
posit should not be called "arkose"; if. as is likely, the same deposit 
has the proper textural features, it can also be referred to as "arkosic 
graywacke or “arkosic wacke." Many of the Franciscan sandstones 
m Cal,forma, which were laid down in a marine geosynclinc that 
subs'ded very rapidly, may be called either "arkose" or "arkosic 
graywacke. Because they are deposited under many different condi- 
>ns, arkoses vary considerably in grain size and sorting, and many 
a e cong'omeratic; they vary also in their accessory au.higenic com- 
I ments and the character of the strata associated with them. 
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As the grains in sandstones become smaller, fewer rock fragments 
and relatively more mineral grains are to be expected. Most varie¬ 
ties of very fine-grained wacke and arenite, therefore, are arkosic, 
fcldspathic, or quartzose rather than lithic. Also in this category are 
siltstones, in which the grains are predominantly of silt size. 

Other detrital deposits are coarser than sand. If only a few larger 
grains are present, the rocks may be called simply pebbly sandstone 
(wacke or arenite) or pebbly mudstone; but when more than about 
25 Percent of the aggregate consists of pebbles or cobbles, the result¬ 
ing rock is called conglomerate if the large fragments are somewhat 
rounded, and breccia if they are angular. These rocks invariably 
have a matrix, either of clean sand if they are relatively well sorted 
or of argillaceous material and sand together if they are poorly 
sorted. In the latter case they can be called argillaceous conglomer¬ 
ate or breccia. The pebbles and cobbles are usually fragments of 
rock rather than mineral grains, so that gravel deposits, conglomer¬ 
ates, and breccias are understood to be *•|ithic ,, ; varieties are dis¬ 
tinguished simply by adjectives denoting the character of the most 
abundant pebbles. They range from those that are immature, in- 
eluding granite conglomerate, schist conglomerate, and volcanic 
conglomerate, to mature types such as quartzite conglomerate and 
chert conglomerate. Important as these rocks are. their coarseness 
makes them less adapted to examination in thin sections than the 
sand rocks, and they are not treated further in this book. 

The mineral composition of sandstones tends, with increasing 
maturity, to move toward the quartz apex in Figure 97. A thor¬ 
oughly stable, or mature, sandstone consists of grains that are well 
sorted, subrounded or rounded, and composed essentially of silica 
(quartz, quartzite, or chert). Perhaps we may envisage the gradual 
maturing of an assemblage of detrital materials, from any source, as 
it progresses through one or several cycles of sedimentation, but this 
progression toward maturity is not continuous or direct, and in 
many bodies of sediment never attains completion. Normally we 
do not observe gradual transitions from the less mature sandstones 
to the mature quartz arenites within the limits of a single deposit. 
Rather we find differing degrees of maturity in different deposits, 
caused by differences in the sources, the processes, and the environ¬ 
ments that produced them. 

In the succeeding pages the petrographic descriptions follow the 
general scheme of classification just outlined. First to be considered 
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are the less mature sandstones—lithic wackes and gTaywackes, lithic 
arenites, arkosic wackes and arenites, and arkoscs. Finally, mature 
quartz arenites are considered. This procedure is followed in the 
hope that the descriptions will have the greatest possible clarity and 
genetic significance. 


Wacke and Graywacke 


The best examples of wacke and of graywacke are aptly described as 
microbreccias. In other words, they are aggregates of sharply angu¬ 
lar fragments of every size between sand or fine gravel and impal¬ 
pable particles. They are sandy or gritty, but are choked with argilla¬ 
ceous matrix, and hence have particularly low permeability. Some 
wackes and graywackes contain so much argillaceous material that 
their larger grains are clearly separated by it and appear to be sus¬ 
pended in it, and these grade by all stages into rocks, usually called 
sandy or silty mudstones, shales, and argillites, in which grains of sand 
and coarse silt constitute only a small part of the whole aggregate. 
In contrast to these, some wackes and graywackes are so sandy that 
many of their grains touch one another and the matrix occupies only 
relatively small spaces between the gTains. These rocks, in turn, 
grade into arenites, containing less than 10 percent matrix, in which 
the sand grains have more extensive contact with one another, or 
with voids or cement, than they do with argillaceous matrix.* 

Many of the angular fragments of rock and of quartz and feldspar 
in some wackes and graywackes are elongated splinters, generally so 
onented that their longer dimensions lie roughly in the plane of 


IM is.Z J* Vmv ?"P 278 > « ha « «»'CC is no statistical basis for distin- 
Ld ate s1i«'bc!w r ,na, . ,,X .' J ° r 3 Kra >' vatkc «"“*■» fragments of all inter- 
wincXl uZZ g ”' T 1,5 Sma,,CS '- ThC Sma,,CI fragmcntt - constituting 
‘listinguishedK ,ou P c ‘d together between the la.ger grains, which can be 

matrix in a ,« Jr ‘ I a ." d in hand s P ccimc "* The proportion of 

made from ht ection J f rou * h, y however. Probably, in most estimates 

Cut. in Ihe laS ’ agmCmS ICS$ lhan ab ° U ‘ 20 *"• 

P^rn't^hf m T kC ' ° r grayWaC , kC * f, ° m a,Cni,e *» a " arbitrary figure of 10 

seen in thin sections ( ? a,so ,he a PP a,em volume of matrix, as 

for example which at \ . argcl . y . u P° n ,he dc 8 ,cc of compaction. A wacke. 

the spaces between its ^ . mC of dc P° s, “ on contained enough clay material to fill 

percent by volume—nriXi* h-* 0 " 0 * and , , ^ oscl > r P atkcd larger grains—perhaps 20-25 
rccr\stalli/aiion of thr rh convcr,cd ,a,c ‘' b Y firm compaction and diagenetic 
■■no' thin'filr an l sma 'paKh^ iB ?' hich f lhe *Y pressed 

"" ri * -*■ Zt ,n ,hc ,a " cr ,ofk ,he 
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stratification. This gives to the rock fabric a vague preferred orien¬ 
tation, or anisotropism, that is rather characteristic (Fig. 98A). 
Detrital flakes of muscovite and biotite, also, although less common 
in unsorted wackes than in somewhat better sorted deposits, generally 
have pronounced orientation parallel to the bedding plane. In some 
wackes and graywackes all the grains have approximately equant 
shapes and no preferred orientation is detectible (Fig. 99BC). 

The carbonates calcite, dolomite, ankerite, and siderite are to be 
found in many wackes and graywackes, usually distributed irregularly 
within the deposits and commonly replacing both grains and matrix. 
Calcite always develops irregular outlines, while crystals of the other 
carbonates are likely to be more idiomorphic. Precipitated cements, 
however, are much rarer in wackes and graywackes than in the 
cleaner arenites, a result, no doubt, of the impervious primary 
matrix, which inhibits circulation of solutions through wackes and 
which clogs most of the voids where simple precipitation might take 
place. 

The very hard, dark-colored wackes—those that are properly 
termed "graywackes"—come almost exclusively from early Tertiary 
and pre-Tertiary formations that have been deeply buried. Sandy 
though they may be, their distinctive characteristics are imparted by 
a dark, firmly indurated matrix largely composed of chlorite and 
illite or sericite and, probably, silica, a matrix that is an essential 
and often dominant part of the rock, and that probably formed from 
original argillaceous detritus by compaction and recrystallization 
during long deep burial. What is perhaps most remarkable about 
these graywackes is their over all similarity of appearance regardless 
of differences in the detrital constituents they contain; different 
varieties of graywacke can rarely be distinguished by casual obser¬ 
vation of hand specimens. This similarity results from the uniformly 
dark matrix that surrounds and coats all the larger grains. In thin 
sections between crossed nicols the matrix is seen to be micro- or 
crypto-crystalline, and is scarcely distinguishable from some of the 
very fine-grained rock fragments enclosed in it; in most graywackes 
the detrital rock fragments are most readily recognized by their 
clastic outlines as seen in ordinary light. 

Replacement of the larger detrital grains by matrix minerals is 
evident in many graywackes, showing that the matrix is indeed re- 
crystallized. The marginal parts of quartz and feldspar grains are 
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often penetrated by minute flakes of chlorite and illite or sericite. so 
that the grain boundaries look hazy when viewed under low or 
moderate magnification. In some graywackes most of the grains, 
regardless of composition, are marginally replaced, producing a 
particularly indistinct or fuzzy texture in which the grains seem to 
fade into the matrix; and in a few iron-rich graywackes replacement 
of chert and quartz grains by chlorite is locally complete. The re¬ 
placing flakes of mica and chlorite are usually so oriented that their 
broad surfaces stand at a high angle to the grain surface, and where 
numerous flakes penetrate the grain margins, the boundary between 
grain and matrix may have, in detail, a comb-like appearance. Mica¬ 
ceous flakes within the matrix itself, on the other hand, are generally 
oriented at random, or perhaps roughly parallel to the surfaces of 
near-by grains. 

What are the counterparts of such graywackes among recent 
deposits? The matrix of most graywackes. when first deposited, pre¬ 
sumably consisted of clay minerals mixed with minute fragments of 
quartz and shreds of detrital mica and chlorite, and had a very dif¬ 
ferent aspect from that which it later assumed after diagenetic recrys¬ 
tallization. Their detrital components, however, have the same 
composition and the same angularity of grain as many younger 
wackes laid down in both marine and non-marine environments; 
these younger rocks do not differ essentially from the older except 
in the condition of their matrix, which is less compacted than that 
of the older rocks and much less recrystallized. Genetically these 
wackes and graywackes are probably alike, and they are therefore 
treated together in this book. 

As indicated by the composition of their larger grains, wackes and 
graywackes have been derived from a wide variety of parent rocks. 
Most of them are immature, for, although their grains may be largely 
of quartz, they contain much feldspar and numerous fragments of 
such rocks as slate, schist, shale, chert, and volcanic rocks. In Figure 
- 6 most of them fall near the center and a little above it (e.g., lithic, 
arkosic, and feldspathic varieties). Such immature wackes and gray¬ 
wackes as these are widespread, and they occur throughout the strati¬ 
graphic column. They have usually accumulated in rapidly subsiding 
geosynclmes. Such, in fact, was the origin of the first rocks to be 
called graywacke, the late Devonian and early Carboniferous sand¬ 
stones of the Harz Mountains in Germany; these contain both feld- 
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Figure *»8. Graywacke 

A. Ordovician lithic graywacke (Fornine formation), Lawrence Harbor, New¬ 
foundland. Diam. 1.5 mm. An unsorted aggregate of angular grains of sand 
and coarse silt set in an abundant argillaceous matrix. Grains arc quartz 
(dear or lightly stippled), feldspar (chiefly plagiodase. shown with cleavage), 
a few shreds of mica, and particles of phyllitc, argillite, chert, and andesite 
or basalt. Long dimensions of most grains lie roughly parallel to bedding 
plane, which is nearly normal to the section. 

II. Franciscan graywacke. Mendocino County. California. Diam. 1.5 mm. Gener¬ 
ally similar to A. but shows less orientation of grains, slightly less matrix, 
and more grains of feldspar and basalt. This specimen is typical of many 
Franciscan sandstones that fall near the boundary between lithic and arkosic 
or fcldspathic types. 

C. Pre-Cambrian fcldspathic graywacke. Hurley. Wisconsin. Diam. 1.3 mm. 

I cxturally like B, except that matrix has corroded the margins of the grains. 
Quart/ grains are very abundant, feldspar is common, and rock chips are 
sparse. This is a well-known chemically analyzed graywacke (U.S.G.S., Bull. 
150. 1808, pp. 81-87). It has been classified as graywacke despite the scarcity 
of rock fragments because it has the proper texture and a typical dark-green¬ 
ish-gray matrix. 

spars and rock fragments in great abundance, but the former tend 
to predominate.* Other examples are to be found among the lower 
Paleozoic strata of Wales and southern Scotland, and in the Mesozoic 
deposits of New Zealand. Similar rocks in North America are the 
Mesozoic Franciscan graywackes in California, the Mississippian 


• An excellent detailed account of the petrography of these original graywackes has 
been written by R. Hc'lmbold: "Bcitrag zur Petrographic dcr Tanner Graiiwackcn," 
Heidrlbrif’er flriltn^r :»u Minnalngir und Pr/nigi/t/thic. sol. 3. pp. 2V3-288, I9'»2. 
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Stanley graywackes in Oklahoma, the Ordovician graywackes in New¬ 
foundland. and the pre-Cambrian graywackes in the Great Lakes 
region (Fig. 98). Along the Gulf Coast of the United States, and in 
the ranges along the Pacific Coast, there are many less indurated 
wackes of similar general composition; such, lor example, are numer¬ 
ous strata in the thick late Miocene and Pliocene deposits of the Los 
Angeles and Ventura Basins. 


Lithic Wacke and Graywacke 

An essential characteristic of lithic wackes is that they contain 
numerous rock fragments. In some deposits these may be far more 
abundant than grains of discrete minerals, but most lithic wackes 
contain, in addition to rock fragments, very abundant quartz and 
more than 10 percent leldspar. The rock fragments may be of any 
kind; the most common, however, consist of slate, schist, shale, argil¬ 
lite, chert. and volcanic rock. In some deposits one type predominates 
by lar over the others, but in most a mixture ol types is found. 

I he leldspar is chiefly plagioclase. Potash feldspars are common 
m a few lithic wackes. but they are rarely if ever as abundant as 
plagioclase. In the younger rocks both calcic and sodic varieties of 
plagioclase may be encountered, but in the older graywackes only 
alhnc. ohgoclase. and sodic andesitic are common. The scarcity of 
,lu ,,,orc <akic var ieties, which generally are unstable, suggests that 
t ley have been destroyed dm ing diagenesis; some graywackes, indeed, 
contain the calcium zeolite laumontite, which may have been formed 
, al,c,alion calcium feldspar. Laumontite may sometimes be 
overlooked because of its low refractive indices and lack of color, 
t has the general appearance of albite and may easily be mistaken 

or that mineral, especially where it has replaced grains of detrital 
plagioclase. 

Much of the plagioclase in these rocks is clear and has distinct 
atneHar twtnnmg. The water-clear alhite and oligoclase derived 

most " al " orp J HC rocks - however, is not always twinned, and care 
he uken lest un.winned feldspar of low refractive index be 
; ” d mco "e«l y as orthoclase. A, the edges of a thin section, of 
( ln ,id',, > "|' Pa " S °, n ° f " ,e refrac,ivc indices of feldspar with that of 
' 7! ' a '" ° f,en n,akes I* possible to identify varieties of feld- 

I.Vodt, V S ," ,n . e ° f ,c,ds P ar Krai ns are clouded by alteration 
<S. inn. h altered and perfectly fresh grains are, indeed, com- 
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Figure 99. Lilhic Areniie and Lilhic Graywacke 

A. Calcareous lilhic areniie (Miocene Modelo formation), Santa Monica Moun¬ 
tains. California. Diam. 2.5 mm. Fairly well-sorted sandstone consisting of 
subangular and subrounded slate and schist fragments and smaller angular 
grains of quartz and feldspar (trace only) cemented with microgranular 
calc ite. 


B. Bragdon lilhic graywacke (Mississippian), Trinity County. California. Diam. 
2.5 mm. An unsorted aggregate of angular grains set in a dark argillaceous 
matrix. Less matrix than in graywackcs of Figure 98. Grains are largely chert 
and dcvitrificd rhyolites (stippled), andesite, and slate; there arc fewer angu¬ 
lar quartz grains (clear) and a trace of plagioclasc (with cleavage). No 
preferred orientation of grains is visible. 

C. Volcanic graywacke (Triassic), southern New Zealand. Diam. 2.5 mm. An 
unsorted aggregate of angular and subangular grains in a matrix containing 
much microcrystalline chlorite. Crains arc chiefly fragments of andesitic or 
basaltic rocks; plagioclase grains (with cleavage) are common; and quartz 
(clear) is subordinate. 


nionly associated. The turbid aspect of some altered grains is due 
to clay minerals formed by weathering, but many grains are clouded 
with such minerals as chlorite, sericite, and carbonates, produced 
either by diagenctic replacement or by low-grade metamorphism. 

In the more mature lithic wackes, grains of quartz and fragments 
of siliceous and argillaceous rocks predominate; feldspars make up 
less than 10 percent of the rock and may be altogether lacking. 
These rocks are termed subfeldsfmthic lithic wacke or graywacke. Of 
the rocks having this general composition, however, the most abun¬ 
dant and widespread tend to be somewhat better sorted than typical 
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wacke, and many of them are more properly classed as arenites.* 

Some wackes, composed of detritus derived largely from one gen¬ 
eral kind of source rock, can conveniently be distinguished on the 
basis of composition. Volcanic wackes or graywackes, composed prin¬ 
cipally of debris eroded from volcanic terranes. are common exam¬ 
ples. They occur in the Tertiary flysch of the Swiss Alps, and are partic¬ 
ularly numerous among Tertiary and Mesozoic strata laid down in 
the orogenic belt bordering the Pacific Ocean. They occur here and 
there in the Mesozoic Franciscan formation of California, and are 
abundant among the Mesozoic sandstones of New Zealand. Those 
that have probably been best described are the Miocene wackes of 
the Aure Trough in New Guinea.f which are similar to many Ter¬ 
tiary deposits in the Coast Ranges of the western United States. 

Most volcanic wackes and graywackes consist largely of detritus 
derived from intermediate and basic volcanic rocks, perhaps mixed 
with a smaller amount of material from other sources.J They are 
characterized by numerous fragments of andesite and basalt, which 
are readily distinguished by their texture. They also contain grains 
of such dark-colored minerals as hornblende, augite. and hyper- 
sthene, and an abundance of plagitx lasc, which is commonly zoned 
and generally more calcic than that in other lithic sandstones. Such 
rocks, of course, are deficient in quartz. The matrix is much more 
chloritic than in non volcanic wackes, and it usually has a greenish 
tinge in thin sections. Chlorite and epidotc tend to be especially 
abundant in the volcanic graywackes that have been considerably 
altered by diagenesis, and the pyroxenes and hornblende in these 
rocks have commonly been destroyed. Authigenic calcite often re¬ 
places plagioclasc. ferromagnesian silicates, and matrix. 


The volcanic particles in many sandstones have, of course, been 
blown directly from volcano to basin of deposition and incorporated 
directly into the accumulating sediment; in other words, they are 


• In America ihc icrm iubgrayivacke has been used for subfeldspathic wackes and 
graywackes in general, including what are here called "subfeldspathic lithic wacke" 
and also "quartz wacke.” 

!*' B, „ ^ dwar *. "The Petrology of the Miocene Sediments of the Aure Trough. 
' i? 1 '*' P f r °.f R ° y S ? c Victoria, vol. 60. p F 12S-H8. 1950. Comparison of this paper 
struri rrS <,c * cnb,n R non volcanic graywackes in the same area, is very in- 
Va „ cv p A ‘ ^ d ^ arHs t ’ Thc Pc,| ology of the Cretaceous Graywackes of the Purari 
\alley. Papua” ,b,d. f vol. 60. pp. 161-171. 1950. 

«VlflaMic f deposh! dk V ° kank b n °' norma,l >- chief constituent in extensive 
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pyroclastic rather than epiclastic. A rock that has clearly been formed 
in this way is properly called tufjaceous sandstone, or tuff if the 
pyroclastic material predominates. It is often difficult to distinguish 
between pyroclastic deposits and epiclastic deposits of volcanic deri¬ 
vation, but strictly epiclastic volcanic deposits are certainly numerous 
and widespread. 


Lithic Arenite 

Lithic wackes grade into lithic arenites; but the arenites contain less 
matrix and have less the aspect of microbreccia, for they are better 
sorted, are usually more porous and permeable, and their grains 
have commonly been rendered subangular or subrounded by abra¬ 
sion. In a few of them, rock fragments are by far the most abundant 
detrital grains (Figs. 99A and 103C), but most of them contain very 
numerous grains of quartz and feldspar. 

Like the wackes, lithic arenites are divisible into various types. 
Some are derived from regionally metamorphosed terranes and 
contain a preponderance of schist and slate fragments (Fig. 99A); 
some contain numerous fragments of siliceous rocks, including much 
chert; and others, termed volcanic arenites, are largely composed of 
andesitic or basaltic debris. Still other types may, of course, be formed 
(Fig. 103C), and often they contain a mixture of many different 
kinds of rock fragments. The ones that also contain very abundant 
mineral grains can be further subdivided into those that contain 
more than 10 percent feldspar and those that contain less; the latter 
may be called subfeldspathic lithic arenites. 

Lithic arenites of non-volcanic parentage are among the most 
common of all sandstones (Figs. 94B, 100, and 101). They contain 
abundant grains of quartz, together with numerous fragments of 
chert, low-grade schist, phyllite, slate, and argillite. Feldspar, also, 
is generally present, and altered volcanic debris, chiefly derived 
from greenstones, is a common accessory component. 

The schist-arenites of the Siwalik series in northern India, de¬ 
scribed by Krynine, are excellent examples of lithic sandstones 
derived from an area of regionally metamorphosed rocks. They con¬ 
tain, on the average, about 40 percent quartz, 15 percent feldspar, 
35-40 percent schist and phyllite fragments, and 5-10 percent acces¬ 
sory materials. Both feldspars and schist fragments range from 
perfectly fresh to thoroughly altered. The schist fragments, because 
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Figure 100. Lithic Areniies 


A. Belly River sandstone (Cretaceous), near Calgary. Alberta. Canada. Diain. 
1.8 mm. Fragments of then and siliceous volt anus (heavily stippled), andesite, 
quart/ (dear or lightly stippled), and a little feldspar (with cleavage). Rock 
fragments greatly predominate. The grains are subaiigular and subrounded 
and firmly packed, though the texture remains porous. Note authigenic out¬ 
growths on two quart/ grains (upper left and center) and recrystalli/ed fer¬ 
ruginous (lay in some pores. 

H. Molassc, Bach, Switzerland. Diain. 1.2 mm. A well sorted arenite containing 
r<uk fragments and mineral grains in about equal amounts: fragments of 
nietamorphic and volcanic rock, limestone (center), chert, quartz (nearly 
‘ . )• ,, , ' K l >ijr (willi cleavage), and mica (upper right and lower left). A 

gram of glauconite (heavily stippled) occurs in upper left; there arc two 
local patches ol calcite cement. 


< fc.Kcnc vend,,one (Will ox), 3.<MX) „„„.,| Lo U i sialla . 

•am. IIIUI. l ine-grained friable sandstone consisting of angular and sub- 
angul.ir giains and local patches ol clay and calcite cement (lower right) 
loosely packed and porous. The grains are rock particles (chert, slate, phyl- 
oe. and volcanic locks). together will, abundant quart/ (clear) and ircslr 
■rld.par (will, cleavage), largely plagiotlau 


I iheir lolrated structure, tend i» l«- platy and to have a parallel 
iriematro", which makes the ro, ks appear highly micaceous. Some 

’ ' CSC rotks arc «>"«* 'han others, and with increase in 

argillaceous matrix the arenius grade into wacke. The Siwalik 
--wasp.’du.ed by rapirl erosion ol an npland anil was laid down 
m a l.road lluv.al plain; and many of ,he si,ala are red beds. Marine 
H ’" cv er. ol similai general composition are common. 

! arin ; lcs 'oniaining abundant leldspais we find va.ious 
' M laSl ' S ' ... perlliiie. anil mi.,dine, but usually ,he 
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Figure 101. Lithic Arenice* 

A. Triassic sandstone. Boonton. New Jersey. Diam. 2 mm. Not well-sorted, but 
contains little or no clay. Composed of angular and subangular grains de¬ 
rived from sedimentary and low-grade metamorphic rocks. Rock fragments 
of shale, slate, argillite, and limestone (lower left and right); also ragged 
grains of quartz and a very few of feldspar. 

B. Chico sandstone (Cretaceous), near Chico. California. Diam. 1 mm. Fine¬ 
grained, well-sorted arenite consisting of subangular grains; poorly consoli¬ 
dated and very porous. Rock fragments arc slate and fine schist, with a little 
chert; quartz (clear or slightly stippled) is abundant, and feldspar (with 
cleavage), both fresh and cloudy, is common: hornblende and epidote (darkly 
stippled, with cleavage, in upper left and at bottom) are present in every 
slide; a bent Hake of biotite in upper left. 

C. Triassic sandstone (Keuper). Stuttgart. Germany. Diam. 1 mm. Tightly 
packed subangular grains; porosity relatively low. Very' abundant schist and 
microgranular rock particles (lined and stippled); abundant quart/ and feld¬ 
spar (lightly stippled, with cleavage), both orthoclase and plagioclase; sonic- 
mica Hakes. Grains of mica schist are commonly oriented parallel to bedding 
and give the rock a very micaceous aspect in hand specimen. 

dominant feldspar is sodic plagioclase. Such arenites are common in 
many places (Figs. 100C and 101BC). They are numerous, for ex¬ 
ample, among Tertiary strata in the California Coast Ranges and 
along the Gulf Coast, where many of them are important petroleum 
reservoir sands (Fig. 100C). Both cloudy and clear feldspar grains may 
be included in the same rock, which suggests that the source rocks 
were being weathered in a warm moist climate fostering decay, but 
were very rapidly eroded. Under such conditions the detritus would 
be expected to include both fresh material scoured out along stream 
courses and more decayed material from interstream regolith. 
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In lit hie arenites that arc comparatively mature, grains of quart/ 
and the more stable rocks are more abundant than grains of feldspar 
and the less stable rocks. A common example is subfelds/Mthic lithic 
arenite. These rocks generally contain an abundance of siliceous 
rock fragments that are commonly called "chert" (Fig. 100A). This 
"chert," however, includes several kinds of rocks, all microcrystalline 
and siliceous but of various origins and degrees of purity. Some, of 
uncertain derivation, is made up ol microgranular quartz or fibrous 
chalcedony with abundant impurities: some shows the shadowy out¬ 
lines of organic structures, and may contain some carbonate, sug¬ 
gesting derivation from bedded chert formations and silicified 
limestones; some, again, has inequigranular textures and may come 
from metacherts or from hydrothermal veins and partly silicified 
volcanic rocks. Usually the lithic arenites in which such "chert" 
grains are abundant also contain fragments of other rocks, especially 
of argillite and quart/ose schist or of altered volcanic rock. Arenites 



Figure 102. 

Volcanic Sandstones 


A. I yec formation (Eocene). Umpqua River. Oregon. Diam. 1.2 mm. Poorly 

sorted angular and subangular grain, of coarse sil, and sand tightly packed 

n argi aceous matrix colored green by chlorine material. About half of 

e grams arc particles of volcanic rocks, chiefly andesite: about 30 percent 

are plagioclase, chiefly andesine (lightly stippled, with cleavage): and about 

*> percent are quart, (clear). There is enough matrix to class the rock as 
volcanic wacke. 


n'r'Tr dS "T 12000 ,ee ' beloW *>o<h of Los, Hills. California. 

(ligTtiv s.inTd 7 '] P, “ lCd ' ' u,>a "S ular pain* of andesite, plagioclase 
innled - n " , tleava S c >- and «nnly cemented by coarse calci.e 

and p " ‘"° c eava K es) - Single calcite crystal in center encloses many 
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that consist essentially of pure chert and quartz are mature and are 
to be classed with quartz arenites. 

Volcanic arenites analogous to the volcanic wackes, and composed 
chiefly of andesitic and basaltic debris, are common, especially among 
the Tertiary and Mesozoic sediments around the Pacific Basin. They 
may consist of almost pure volcanic detritus, but this is frequently 
diluted with non-volcanic debris (Fig. 94B), sometimes to such an 
extent that the volcanic material becomes subordinate and the rocks 
grade into other types. Strata of various degrees of purity are often 
interbedded. Pure andesite and basalt debris contains little if any 
quartz, and the percentage of quartz can generally be taken as a 
rough measure of dilution by non-volcanic materials. 

Basic volcanic detritus is particularly susceptible to change during 
diagenesis, and many Tertiary and most Mesozoic or older volcanic 
arenites are more or less altered. The chief product of this alteration 
is usually chlorite, which develops within the volcanic rock frag¬ 
ments, along with epidote, and commonly forms a pale-green fibrous 
cement in cavities between detrital grains (Figs. 102A and 109B). 

C ementation and replacement of some detrital grains by calcite arc 
also very common (Fig. 102B). Particles of volcanic glass arc readily 
recognized when fresh by their isotropic character and low relief, 
but they are very unstable and do not long survive in the average 
sediment; they are rarely found in pre-Tertiary rocks. 

The less altered volcanic arenites generally contain not only frag¬ 
ments of volcanic rock but also such typically volcanic minerals as 
zoned plagioclasc, hypersthene, augite, and basaltic hornblende (Fig. 
103A). These minerals occur both as phcnocrysts in some of the 
rock fragments and as separate grains. Many of the latter, as well as 
of the phcnocrysts embedded in rock fragments, are partly bounded 
by crystal faces, which can be recognized as such either by their habit 
or by their relation to growth lines within the minerals. Mineral 
grains of this sort are almost as indicative of volcanic source rocks as 
the rock fragments themselves, and in the finer-grained volcanic 
sandstones they are commonly the more abundant. A few arenites of 
this sort contain as much as 70 percent plagioclase. 

Subordinate components, in addition to those that define the rock, 
are to be expected in all varieties of lithic arenite. Both muscovite 
and biotite are common accessory minerals and are fairly abundant 
in some of the finer and more argillaceous strata. The mica flakes are 
generally oriented parallel to the plane of stratification, and where 
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Figure 103. Miscellaneous Lithic Sandstones 


A. Andesite arenite (Upper Miocene. Nerolv formation). \!t. Diablo, California. 
Diam. 2.5 min. Well-sorted, loosely packed, subangular grains ol .uulcsite rock, 
andesine (clear, with cleavage). hy|H'rsthene (center and topi, and horn¬ 
blende (lower left and right). Each grain enclosed in a thin rim of fibrous 
chloritic (.') mineral which serves as a weak cement. Hypcrsihcnc and horn¬ 
blende are dihedral, but hypersthene has been etched l>\ intrastratal solu¬ 
tions after development of chloritic (r) rims. This is an epiclastic arenite, 
not a lull or a tliliaceous arenite. 

lb Calcareous tulfaceous sandstone (Oligocenc. I wind Point formation), Coos 
Bay, Oregon. Diam. 3 mm. A mixture ol pyroclastic and epiclastic material 
deposited in a marine environment, where it was mixed with glauconite and 
cemented with very finegrained calcite (stippled). Curved glass shards and 
dctrital quartz and feldspar are clear; turbid fragments ol meta-andesite and 
phyllite, and spheroidal pellets ol glauconite, are darkly stippled. 

C. Calcareous serpentine arenite (Eocene), southeastern Monterey County. Cali¬ 
fornia. Diam. 3 mm. Angular and subangular grains ol serpentine (line pat- 
urn), together with microcrystalline carbonate pellets (stippled), firmly 
cemented with finely granular calcite. Note two unbroken Eoraminifera. 

they arc concentrated in certain laminae they coat entire bedding 
surfaces. In thin sections the orientation of flat mica flakes is often 
the only indication of the bedding plane. Frequently, however, 
Hakes are distorted by being squeezed between grains of sand (Fig. 
9. r >h), and then, in sections cut normal to the bedding, they arc seen 
t<> be sharply bent and pinched or even torn apart; and in hand 
specimens they have a dimpled aspect where other grains have been 
pressed against them. Distortion and disruption ol mica are relatively 
uncommon in very argillaceous deposits, and also in rec ent sands not 
nnuh comparted; and undistorted mica is often lotind in firmly 
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cemented calcareous arenites, probably because the cementation oc¬ 
curred before the grains were squeezed together by deep burial. 

Minerals such as zircon, tourmaline, amphiboles, epidote, clino- 
zoisite, sphene, and garnet are common minor accessory minerals in 
Inhic sandstones (both arenites and wackes), as might be expected 
because they are widespread in many kinds of source rocks. Other 
common accessory minerals, derived from metamorphic terranes, 
are staurolite, andalusite, kyanite, and sillimanite, and pyroxenes 
may be abundant in sandstones derived from basic igneous rocks. 
Any of the minerals mentioned above are likely to be found in late 
I ertiary and recent arenites. In older deposits, however, only the 
more stable ones may be present, for there the least stable minerals 
.have commonly been destroyed by diagenesis; in many deposits some 
of the unstable minerals are represented by etched grains (Fig. 103A). 

Glauconite pellets are apt to be present in lilhic arenites laid 
down in ncritic marine environments. Except in very muddy depos¬ 
its, glauconite is probably moved about and sorted with the clastic 
debris on the sea floor, so that in arenites it tends to occur in pellets 
of about the same size as the sand grains with which it is associated 
(l ig. 100B), and it is commonly concentrated in thin laminae. 

Organic materials, also, form a part of many lithic arenites, their 
character and abundance depending largely on the environment of 
deposition. In marine arenites, for example, whole or fragmented 
calcareous shells may be abundant. Some of these are broken bits 
of heavy molluscan shells, such as those of oysters, but even small 
and fragile shells, even whole tests of Foraminifera, are frequently 
preserved. Most arenites containing such calcareous material arc 
cemented by additional carbonate, probably precipitated around the 
shells as nuclei. Many calcareous arenites, however, show no trace of 
organic structures (Fig. 99A). 

Arkosic Sandstones 

Arkosic wacke and arkosic arenite contain abundant quartz and more 
than 25 percent feldspars, including sodic plagioclase (An 0 .4 0 ). ortho- 
clase, microcline, and perthite. Either potassic or sodic varieties 
may predominate among the feldspars, but calcic feldspars arc not 
characteristic. These rocks, therefore, consist essentially of such 
minerals as come from rather coarse-grained quartzo-feldspathic 
parents, such as the granites, granodiorites, gneisses, and medium- or 
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high-grade schists that largely constitute the crystalline basement; 
they may also be derived from older, highly feldspathic sedimentary 
formations. The most abundant grains consist of quartz and tfie 
feldspars, but fragments of slate, phyllite, low-grade schist, vol¬ 
canic rocks, chert, argillite, shale, sandstone, and limestone are 
likely to occur in arkosic detritus as more or less fortuitous and 
subordinate constituents. With increasing content of fine-grained 
rock fragments, arkosic deposits grade into lit hie ones. Arkosic wac kes 
and arkosic arenites in which these rock fragments are scarce—less 
than 10-15 percent—are generally grouped together under the name 
arkose. 

Minor accessory minerals in arkosic rocks include hornblende, 
sphene, apatite, zircon, tourmaline, rutile, epidotc, garnet, magnetite, 
and ilmenite, together with some others of still more sporadic occur¬ 
rence. Many of the older deposits, however, contain only the most 
stable of these minerals, especially zircon, rutile, and tourmaline, 
associated, rather surprisingly, with abundant fresh feldspars. This 
association, which at first seems anomalous, probably results from 
solution of the unstable minerals during diagenesis; for the firmly 
cemented portions of some beds contain numerous grains of unstable 
accessory minerals such as epidote. sphene, and hornblende, which 
are often absent in uncemented portions of the same beds. In contrast 
to these minerals the potassic and sodic feldspars, being generally 
stable during diagenesis, are not destroyed, and may even be added 
to by authigenesis. 

Among the most immature of all sandstones are some arkoses that 
arc residual and lie directly upon the granitoid rock from which they 
were derived, or that have been transported but a short distance. 

I hese can look very muc h like granite, and it is not always easy to 
distinguish them from the partly disintegrated parent rock, whose 
minerals they may contain in approximately the original proportions. 

1 heir grains not only are angular but tend to be very irregular, 
like those in disintegrated rubble and sand on weathered granite 
surfaces. Having been broken asunder, however, the grains do not 
interlock in arkose as they do in the parent rock, and between the 
larger fragments there is usually a breccia-like mortar of sharply 
angular smaller fragments and clay (Fig. 104A). In old arkoses that 
are firmly compacted the mica flakes are commonly distorted and 
cvcn split apart by the pressure of other grains; commonly, too, the 
‘win lamellae of plagioclase have been bent. 



SEDIMENTARY ROCKS 


312 



B C 


Figure 104. Arkose 

A. Arkose (Tertiary). Lake Manapouri. New Zealand. Diam. 2.5 mm. Unsorted 
angular grains of orthoclase and oligoclase (with cleavage) and of quartz 
(clear), accompanied by large and small unoriemed flakes of biotite and a 
gram of sphene (upper left), all bound together by a mortar of silty clay 
slightly stained with limonite. Essentially residual, resting on granitic rock 
from which it was derived. 

B. Arkose (Pennsylvanian. Fountain formation). Boulder. Colorado. Diam. 2.5 
mm. Poorly sorted angular grains of quartz, turbid oligoclase, and microcline 
(both feldspars stippled and showing cleavage), and accessory flakes of musco¬ 
vite, all bound together by a matrix of silty clay stained red by ferric oxides. 

I he deposit has been transported but suggests a near by granitic source. 

C. Torridonian arkose (pre-Cambrian), Loth Assynt, Scotland. Diam. 2.5 mm. 
Poorly sorted subangular grains of quartz (clear and very slightly stippled) 
and of microcline, orthoclase, and oligoclase, firmly bonded in a matrix of 
scricitic clay. Feldspars are in part fresh (shown with cleavage) and in part 
very turbid (stippled). A few rock fragments (schist) are not shown. 

Sorting in most residual and slightly transported arkoses is negli¬ 
gible. and bedding may go unnoticed. The deposits tend to be coarse¬ 
grained and generally include pebble-sized chunks of quartz and 
feldspars, together with pieces of undisintegrated granitic rock. Much 
of the feldspar may be clouded by decay, and the clay formed by its 
decomposition irregularly distributed throughout the rock. Ferric- 
oxide pigment is common, coloring the rock red. but much arkose 
is gray or buff. Precipitated cements, such as calcite. are less common 
than in the better-sorted deposits. 

Arkosic detritus that has been transported for some distance 
accumulates in deposits having a less granitoid appearance, although 
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many such deposits have an overall aspect that suggests granitic 
heritage (Figs. 104BC. 105, and 106). As a result of abrasion and 
sorting of the weathered material, they differ somewhat in mineral 
composition from their parent rocks, being generally richer in quartz 
and poorer in feldspars and other destructible minerals. They are 
frequently contaminated with detritus derived from fine-grained 
sedimentary, volcanic, or metamorphic rocks, and when this is so 
their composition may be noticeably different from that of granites 
or jp-anodiorites. They may also contain subangular and subrounded 
grains that show distinctly the effects of abrasion. Some of them have 
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Figure 105. Arkosc 


A. 


Miocene arkosic arenite. or arkosc. 10.000 feel below surface, near Simmler, 

„ D,am 2 mm - Vf, y “gh'ly packed angular and subangular grains; 

O! well sorted, bui free from clay. Consolidated by companion without 

° r "" Kla5f - ""crocline (all lightly stippled) and 
0 ru (blank) are about equally abundant; grains of ealcitc (heavily stip. 
I ltd) and bioute are accessory. Note pinched and comoried mica. 


Micaceous arkosic arenite. or a.kose (Triassic). Portland. Connecticut. Diam. 
stinoled, a ' r !| y n "k ula, ' ,0 -subangular grains of feldspar (lightly 

and P ,l I a " d <blank » ; abundant parallel oriented Hakes of muscovite 

The I , r 1 ’" larg,r ,ha " 0,,,cr ,ie «* .he bedding, 

and ZJ 5 B " y temtn,cd b >- mattered grains of calci.e (heavily stippled 
dcirital a tun ■ *"?. sc<onda O’ quartz outgrowths (separated from 

,mCS) - P ° rOSily higH - A no, 


nun * a<kc ' or arkosc ( I riassic). Ml. Tom. Massachusetts. Diam. 3 

• verv I an « u,arCosuban K«lar grains of quart/ and turbid feldspar, in 
Ur > al,un ‘ ,anl matrix of ferruginous clay. 
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a very abundant clay matrix and are arkosic wackes , whereas others 
have been sorted sufficiently to be classed as arkosic arenites (Fig. 
105). V 6 

Feldspar grains often show different degrees of decay within the 
same deposit. Some may be so clouded by alteration to clay as to be 
scarcely determinable, whereas others are limpid and unaltered (Fig. 
104C). Where this difference is recognizable in the same species of 
feldspar within a single specimen, it suggests that the climate of the 
source area was such as to promote rapid chemical decay, and that 
materials in different stages of decay were fortuitously mixed to¬ 
gether by rapid erosion. In most well-sorted arkosic arenites the 
feldspar grains are not much altered, and in some of them all the 
feldspar is perfectly fresh and water-clear. 

Micas are rarely lacking in arkosic rocks, and they may form as 
much as 5 or 10 percent of the rock, their abundance being largely 
controlled by sorting. They are most numerous in the finer arkosic 
sandstones and in associated argillaceous strata (Fig. 105B). Micas 
tend to be oriented so that the flakes lie parallel to the bedding 
planes, and where the flakes are very numerous entire bedding sur¬ 
faces may be coated with them. They have often been pinched and 
remarkably distorted between tightly packed sand grains (Fig. 105A 
and p. 309). 

Any of the clay minerals may be included in the argillaceous ma¬ 
terial found in arkosic rocks or in the finer beds associated with them. 
As seen in thin sections, this material is usually so very fine-grained 
and turbid that its exact mineral content cannot be determined by 
visual means, especially where it has been stained by either iron 
oxides or organic products. In some of the older arkosic wackes. 
however, the original clay matrix has been recrystallized to fine¬ 
grained aggregates that can often be recognized as chiefly kaolin-type 
clay minerals or chiefly mica- and chlorite-type minerals. Especially 
when the recrystallized matrix is illitic or chloritic, these rocks are 
likely to be rather dark-colored and are commonly to be classed as 
arkosic graywacke. 

Many of the better-sorted arkosic arenites are porous and perme¬ 
able (Fig. 105AB), and many of these are petroleum reservoir sands 
(Fig. 95B); others are firmly cemented by authigenic minerals 
crystallized around the sand grains, so that they are non-porous and 
impermeable (Fig. I06AB). The most common cement is carbonate, 
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Figure 106. Areniles Cemented with Calfite 

A. Calcareous arkose (Permian), Shensi Province. China. Diam. 2.5 mm. Sub- 
angular medium to-very coarse sand grains, solidly cemented with finely gran¬ 
ular calcitc (darkly stippled and showing two cleavages). Grains are perthite 
(lightly stippled and showing traces ol cleavage), quart/, and biotite (upper 
right). Loosely packed, so that grains are separated by cement. 

B. Calcareous arkosic arenite (Lower Cretaceous). Queen Charlotte Islands, 
British Columbia. Diam. 2.5 mm. Coarse sand grains, loosely packed and 
cemented with calcitc much coarser than that in A. Grains are oligodasc and 
perthite (with cleavage), quart/ (blank), and two fragments of metamorphic 
rock. Note seining, and perhaps replacement, of detrital grains by calcitc 
cement. 

C. Calcareous lithic arenite (Macigno). Bologna. Italy. Diam. 2 mm. Loosely 
packed subangular grains, fairly well sorted, firmly cemented with finely 
granular calcitc. Grains are predominantly of quart/, but there are abundant 
grams ol sodic plagiodasc (with cleavage), particles of quart/ose schist, and 
fragments of serpentine (lower center and left, dash pattern); a bent mica 
Hake in center. 


"Iiidt not only fills the pores between the grains but often partly 
replaces the grains themselves (Figs. I06B and 109C). Other kinds 
of cement are developed locally. Some arenites, however, have been 
consolidated by pressure which has forced the grains into intimate 
contact; these contain little of either cement or clay matrix, yet 
diey may be very firm. An arkosic arenite consolidated in this way is 
illustrated in f igure I05A, and although this rock retains consider¬ 
able porosity, the grains are tightly locked together and the rock 
is firm. 
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Feldspathic Sandstones 

The terms feldspathic wacke and feldspathic arenite signify quartz- 
rich sandstones containing between 10 and 25 percent detrital feld¬ 
spars. They refer to deposits that are less feldspathic and somewhat 
more mature than arkoses, and that in general have probably had 
a longer sedimentary history. Many feldspathic wackes and arenites 
have been derived from terranes where crystalline basement rocks 
were exposed, and are thus akin to arkoses, but many others, con¬ 
taining numerous fine-grained rock fragments, were derived from 
mixed sources and grade into quartz-rich lithic wackes and arenites. 

Feldspathic arenites are very common, especially the type in which 
there is an appreciable admixture of rock fragments. They tend, on 
the average, to be better sorted than the less mature arenites, and 
contain somewhat more rounded grains. The feldspars in most of 
them are fresh and limpid, for only the least-altered grains survive 
the considerable transportation and washing that are usually involved 
in the formation of these rocks. By decrease in content of feldspar, 
feldspathic arenites grade into quartz arenites. In fact, some of the 
finer-grained laminae or strata of first-cycle quartz arenites may 
contain a considerable amount of feldspar, whereas coarser layers 
of the same rock contain none (Fig. 107C); and some quartz arenites 
that lie unconformably on old feldspathic rocks may contain mod¬ 
erate amounts of feldspar in their lower portions but decidedly less 
in their higher portions. 


Quartz Arenites 

In quartz arenites, grains of quartz, chert, and quartzite make up 80 
percent or more of the detrital silicate material (Figs. 95A, 97, and 
108). Most of the finer-grained ones also contain at least a little 
feldspar, chiefly microcline, orthoclase, or albite. The typical accessory 
minerals include only the stable species such as zircon, tourmaline, 
and rutile, and these are invariably so scarce that only a few grains 
are found in any one thin section. Muscovite may be present in small 
amounts, for it is a widespread stable mineral, but its occurrence is 
chiefly a result of local sorting. 

Many of the widespread quartz arenites were deposited in warm, 
clear, shallow seas, where calcareous organisms are likely to abound, 




Figure 107. Quart/ Arenites Containing Impurities 

A. Aux Vases sandstone (Mississippian), southern Indiana. Diain. 2.5 mm. A 
well-sorted mixture of suh.mgul.tr and subrounded quart/ grains and pellets 
of microcrystalline calritc (dark stippling), together with .1 few elongate 
curved shell fragments (center). Firmly cemented by very fine grained calcite. 
I his specimen is a sandy clastic limestone, a typical associate of quart? 
arenites. 


B. Mathead quartzite (Cambrian), near Jackson, Wyoming. Diain. 2.5 mm. 
Well-sorted subrounded quart/ grains ami glauconite pellets (stippled) of 
about the same si/e; patches of ferric oxide (black). The rock is firmly 
cemented with authigcnic quart/ outgrowths on every detrital grain, like 
those in Figures 107C and I08C; here the authigcnic quart/ has been omitted 
to make clearer the open texture and the shapes of the detrital grains. 

C. Potsdam sandstone (Cambrian), Lake Champlain. New York. Diain. 2 mm. 
I his specimen is a feldspathic arenite consisting of 10-15 percent orthoclase 
and rnicrocline and 85-90 percent quart/. Note that feldspar (lined) is found 
only among the smaller grains; coarser layers of the same deposit contain 
very little. Crains subrounded but not so well sorted as in B. Both quart/ 
ami feldspar grains have been enlarged by clear authigcnic outgrowths (quartz 
on quart/ and feldspar on feldspar) constituting a firm cement. Porosity is 
negligible, although the detrital grains are loosely packed. 

and it i$ therefore not surprising that many quartz arenites contain 
numerous organic fragments. In some of them, indeed, carbonate 
particles predominate over quartz, and then the rocks become 
varieties of calcarenite (p. 342 and Fig. 107A). In some early Paleo- 
/olc roc ^ s ’ phosphatic shell fragments arc more common than cal- 
<areous ones. Many but not all of the organic fragments are rounded 
and sorted so as to be of about the same size as the accompanying 
giains of quartz. Calcareous material, however, is readily rccrystal- 
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Figure 108. Quartz Arenites 

A. Woodbine sandstone (Cretaceous). 6.000 feet below surface. Houston County, 
Iexas. I)iam. 2 mm. Well-sorted subrounded-to-rounded, loosely packed, 
detrital quartz grains (outlined by dotted lines). Clear euhedral outgrowths 
of authigenic quartz partly cement the rock; a patch of calcite cement (right) 
covers the quartz outgrowths and probably formed later. This is a petroleum 
reservoir rock in which pores are sharply angular, being bounded by crystal 
faces of quartz. 

B. Same as A but from a different stratum. Tightly interlocking mosaic of 
detrital quartz grains. No authigenic cement, but a concentration of opaque 
material along some grain boundaries. Crains tend to be elongated parallel 
to bedding plane. Compare texture with that in A. Consolidation probably 
produced by pressure-welding of grains—that is. by deformation of grains 
under load, coupled with solution along grain boundaries at points of 
maximum strain. 

C. Coconino sandstone (Permian). Grand Canyon. Arizona. Diam. 2 mm. Well- 
sorted subrounded and rounded quartz grains, with sporadic microcline 
(upper center), tightly cemented by authigenic quartz outgrowths. Dark stip¬ 
pling represents remaining voids. 

li/cd by diagenesis, so that original calcareous fragments in an arenite 
may be represented simply by patches of rccrystallized calcite having 
the aspect of a local cement. 

Another authigenic mineral in many marine quartz arenites is 
glauconite, which occurs as clastic green pellets sorted with the 
quart/ grains (Fig. 107B). Ferric oxides, also, as coatings on quartz 
grains, are common in quartz arenites laid down in environments 
where oxidizing conditions prevailed. 

To describe a sand grain simply as "quartz" is sufficient for the 
purposes of general rock classification. Quart/ grains, however, can 
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differ in many ways, and recognition of their differences is very useful 
in describing quartz arenites that contain few other minerals, and 
in determining their probable source. Almost all quartz contains 
inclusions, and many quartz grains can be roughly classified, there¬ 
fore, according to the abundance and the kind of their inclusions. 
Quartz enclosing recognizable mineral grains, either euhedral or 
anhedral, is seemingly most common in schistose rocks. These grains 
are commonly called 1 regular inclusions” and are composed of feld¬ 
spar, mica, magnetite, apatite, zircon, tourmaline, and other accessory 
minerals.* Another type of quartz contains inclusions that are 
needle-like, or acicular. As these inclusions are extremely slender 
prisms, they are especially difficult to determine mineralogically, but 
tourmaline, rutile, sillimanite. and kyanite are perhaps most com¬ 
monly reported. The needles may be unoriented or may have a 
parallel or radial arrangement within the quartz. In still other types 
of quartz, minute globules of liquid and gas, and opaque, dust-like 
irregular inclusions, are common and may be so abundant as to 
cloud and darken what would otherwise be limpid quartz grains 
H ig. 108AB). Usually the globules and dust are concentrated in 
zones along crudely parallel lines or surfaces within the quartz (Fig. 
1I0AB). The larger fluid globules can be distinguished under high 
magnification as being transparent and having a strong negative 
relief; occasionally they contain a tiny gas bubble in constant agi¬ 
tation by Brownian movement. The acicular inclusions, the fluid 
globules, and the irregular dust particles all seem to be most com¬ 
mon in the cpiartz of igneous rocks. 

Many individual quartz grains have been strained, so that as the 
mi< roscope stage is rotated between crossed nicols they never become 
completely dark. Occasionally this strain is related to the pressure of 
an adjacent sand grain, but it may also be inherited from the parent 
HKks, for strained quartz is common in schists, gneisses, and granites. 

lore are also a number of general types of composite quartz 
giams. The finer chert-like grains have already been mentioned 
page .>07). Among the coarser ones that might be called "quartzite,” 
some consist of quartz grains locked together along exceedingly 
^regular boundaries, like those in some recrystal I ized metamorphic 
quartzites and quartz schists. Others are composed of elongated irreg- 
11 ar < l uarlz cr y sta ls oriented roughly parallel to each other and 


oOiTiarrni^ml. ? P, . Kar ,n ,hin scclion *° l>c regular inclusions arc simply p.ojcciions 
adjacent interlocking gia.ns «... fortuitously by the section. 
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extinguishing at only slightly different positions as the microscope 
stage is rotated between crossed nicols. These are probably derived, 
for the most part, from veins, especially from narrow veins in 
schistose rocks, but some of them may be derived from other sources. 
In other aggregates the individual quartz grains have smooth, regular, 
and even idiomorphic boundaries, suggesting that they originated, 
like comb quartz and vug or geode fillings, as deposits in open veins 
or cavities. 

Texturally, quartz arenites are generally characterized by thorough 
sorting. I hey are usually clean, well-washed sands practically devoid 
of argillaceous material. They were presumably deposited in stable 
environments, either continental or marine, where deposition was 
slow and the particles were so reworked before final burial that the 
argillaceous materials were almost completely washed away. Many 
of them result from two, or even three, different cycles of erosion 
and deposition. Under these conditions the sand grains tend to 
become subrounded or well rounded (Fig. 95A). Some first-cycle 
quartz arenites, however, consist of angular and subangular grains. 

Some quartz arenites have been consolidated solely by cementation, 
so that their detrital grains are tightly locked together by authigenic 
minerals. Most commonly the cement is secondary quartz or carbon¬ 
ates or both together (Figs. 107AC and 108AC). Consolidation may 
also be accomplished by tight packing of the detrital grains under pres¬ 
sure, usually coupled with relatively minor cementation (Fig. 108B). 
Not uncommonly, however, even some of the older quartz arenites 
remain loosely consolidated; that is true of some of the Jurassic 
sandstones of the Colorado Plateau and the Ordovician St. Peter 
sandstone of the northern Mississippi Valley (Fig. 95A). 

Cementation by quartz invariably takes the form of secondary 
outgrowths or enlargements on detrital quartz grains, from whose 
surfaces the authigenic quartz grows outward in crystallographic 
continuity with that of the grains. All these secondary outgrowths 
are perfectly clear and can usually be distinguished from detrital 
quartz by lines of impurities that delineate the somewhat dirty 
surfaces of the original detrital grains; or a detrital grain may be 
clouded throughout by inclusions and thus stand in marked contrast 
to its limpid secondary rim (Figs. 108AC and 110AB). These con¬ 
trasts between detrital and secondary quartz may often be seen both 
in plane-polarized light and between crossed nicols and therefore 
clearly reveal the clastic texture of the rock. 
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Many secondary quartz outgrowths develop until they completely 
fill the original pore spaces in the sand: the quartz crystals are thus 
tightly locked together in aggregates that have been termed ortho - 
quartzite * Very commonly, however, the quartz outgrowths arc 
not so large and do not completely fill the pores of the sand. They 
are then terminated, along the sides of the cavities, by rational 
crystal faces ol quartz—usually by prisms or rhombohedra (Pig. 
108A). Such faces may go unnoticed unless they stand nearly normal 
to the plane of the thin section, but the pore spaces bounded by 
them are smooth sided and sharply angular. Where the cement is 
carbonate, on the other hand, the pore spaces of the sand are usually 
filled completely with a crystalline granular mortar of calcite. dolo¬ 
mite, or ankerite. 


Authigenic Cement in Sandstones 

Many different minerals may crystallize in a sand after its deposition, 
but only a few are widespread and abundant as cementing materials. 
Among those that may constitute the chief cement in a sandstone, 
and that commonly serve alone to consolidate it, are the carbonates 
(calcite, dolomite, ankerite, and siderite), quartz, chalcedony, opal, 
anhydrite and gypsum, barite, and collophane (apatite). Of these 
tfie carbonates and quartz are by far the most important, the others 
being developed more locally. Such other authigenic minerals as 
a ali feldspars, pyrite, chlorite, and laumontite commonly contrib¬ 
ute to cementation, but not often do any of these constitute the 
principal cement. 

At least two general tendencies arc apparent in the occurrence of 
cementing materials in sandstones. First, cement is much more 
common in clean sandstones than in poorly sorted, muddy ones. The 
presence of an argillaceous matrix seems to inhibit formation of 
c emical cement, perhaps because of its relative impermeability, 
econd, the composition of the sand itself influences somewhat the 
> n of cement that is precipitated. Quartz cement, for example, is 
a un ant only in quartz-rich arenites, where it grows as enlargements 
°n t le detrital quartz; likewise, the authigenic feldspars that occur in 
san stones are found chiefly where there is also detrital feldspar, and, 

be used ,C fLr*° a ,. VO,d confusion « “> genetic meaning, the term "quartzite" should not 
same rra«<m Imcn,ar y rocks, however hard and quartz-rich they may be. For the 
reason the term "onhoquartzite" is no, recommended. 
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like <|nart/, they develop principally as secondary outgrowths on 
dcintal grains. I aimiontitc and chloriie are generally found in vol¬ 
canic: sandstones and arc much less abundant in others. Carbonate 
cements, although found in all types of sandstones, arc invariably 
formed wherever the original sand contained primary carbonate. 
1 here may be various explanations for this tendency of particular 
cements to concentrate in certain sands. Some sand grains act as 
crystal nuclei on which cement of the same composition is precip 
itated, and thus partly control the development of that cement. 
Cementing material may also be derived from the deposit in which it 
precipitates, by partial solution of some of the detrital constituents. 

I he habit of different cements is quite variable and of consider¬ 
able interest. Calcite, for example, develops between quartz and 
silicate grains in some rocks as exceedingly fine-grained aggregates; 
in other rocks it is very much coarser. The largest crystals of calcite 



Figure 109. Cements in Sandstones 


A. Lithic arenite (Miocene. Temblor formation). 8,000 feet below surface, Ket* 
t Ionian Hills, California. Diam. 1 mm. Grains of rock, quartz, and plagioclasc 
poikilitically enclosed in a single barite crystal. Note uniformly oriented right- 
angle cleavages in barite. 


B. Volcanic arenite (Miocene, Temblor formation), 3,500 feet below surface, 
Jacalitos Field, California. Diam. 1 mm. Cement is chlorite. A microfibrous 
fringe rims each grain, but in the centers of pores the chlorite appears micro- 
granular. 


C. Arkose (Miocene, Topanga formation), Santa Monica Mountains, California. 
Diam. 1 mm. Calcite replacing plagioclase, irregular patches of uniformly 
oriented feldspar being enclosed within a single calcite crystal. An adjacent 
quartz-feldspar grain (upper left) is not replaced. 
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Figure 110. Cements in Sandstones 

A. Pennsylvanian sandstone, Zuni Mountains. New Mexico. Diam. 1.5 mm. 
C>uari/ and turbid rock particles coated with ferric oxide (black), locally 
covered in turn by clear cuhcdral outgrowths of cjuart/. and the whole 
cemented by coarse calcite (stippled). Note trains of globular opaque inclu¬ 
sions in quart/ grains. 

B. Cretaceous arkosic arenite. Gualala, California. Diam. 0.5 mm. Local clear 
cuhcdral outgrowths of authigcnic cjuart/ on detrital cjuart/ (center, lower 
tight, and left). Quart/ outgrowths covered and remaining j>ores filled by the 
zeolite laumontiic (cleavage lines but no stapling). 

IVbbly sandstone (Miocene. Temblor formation), Reef Ridge. California. 
Diam. 0.75 mm. An incomplete cement of uniformly oriented calcite (stippled, 
"ith cleavage lines); voids fringed with a microhbrous chloride mineral, 
covering both calcite and detrital grains alike; chloritic fringe covered with 
opal (blank). 


m sandstone may incorporate whole colonies of detrital grains within 
a single crystal and produce what is known as luster mottling (Fig. 
■ Barilc and 8yP sum cements also develop this habit locally 
l ig. 109A). Organic fragments composed of single calc ite crystals, 
ike ethmoid plates, are commonly rimmed with clear authigcnic 
<a <IU R,own ,n <r > sla, lographic continuity with the fragment. The 
<>i ict carbonates, dolomite, ankerite. and siderite. tend to be more 
uni 1 orm 1 y fine- or medium grained equigranular aggregates, within 
h ,l,e individual crystals tend to be more idiomorphic than 
H«e ol calcite. Many of these grains reveal concentric /ones that 
( > <1 somewhat in composition, particularly in iron content. 

'he levs common cements, c olio,d.ane is always inic roc rystalline 
)ptoc!ystalluie, and so is chalcedony; o,>aI is. ol course, amor- 
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phous; chlorite cement appears to be finely fibrous, the fibers stand¬ 
ing nearly normal to the gTain surfaces on which they grow (Figs 
I09B and 110Q. Other cements are apt to be fine- or medium-grainfd 
and more or less evenly granular. 

Several cement minerals commonly occur in a single rock. They 
may be assoc.ated intimately, crystallizing together in the same pore 
space, or they may be distributed in more or less isolated patches. 
W here two or more cementing minerals occur together, their rela¬ 
tions to each other are of particular interest as possible indications 
of the sequence and manner in which they formed. The two most 
commonly observed in contact are quartz and calcite. Usually the 
calcite appears to have crystallized on top of euhedral quartz out¬ 
growths (Figs. 108A and 110A); but euhedral calcite against quartz 
has been recorded. The other carbonates, and also authigenic feld¬ 
spars, are almost invariably euhedral in contact with either authi- 
genic quartz or calcite. 

Idiomorphism of one mineral relative to another is difficult to 


interpret, however. It may result from a sequence in which the 
euhedral mineral forms first within a void and is later covered by 
the anhedral mineral, which fills the remaining cavity. Or it may 
result from a process whereby the euhedral mineral has replaced 
the other and is therefore the later of the two. This is surely the 
origin of the euhedral quartz, alkali feldspar, and dolomite often 
found in limestones. Calcite, on the other hand, has so little tend¬ 
ency to be euhedral that it does not usually assume its crystal form 
when it replaces other minerals; in fact, the contacts it forms by 
replacement are irregular in detail (Fig. 109C). 

The only really reliable single criterion for the sequence of crys¬ 
tallization among the cementing minerals in sandstones is their 


disposition in the pores. If a pore is lined more or less completely 
with one mineral and the central parts are filled in with another, 
one can logically infer that the mineral along the margins was the 
first to crystallize (Fig. 110). But there is no invariable sequence of 
formation among cementing minerals, for the conditions of cemen¬ 
tation are diverse. The sequence quartz-calcite is common, yet cal¬ 
cite sometimes forms before quartz; and of the two minerals dolo¬ 
mite and calcite, either may develop first. 
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Argillaceous Rocks 


General Composition and Nomenclature 

Argillaceous rocks are the finest of the clastic sediments. They con¬ 
sist largely of silicate rock debris having the grain size of fine silt or 
clay, and usually include many particles less than 1 or 2 microns in 
diameter. They are the most abundant of all sedimentary rocks, 
which in itself gives them great geological importance; and yet, 
because they are so fine-grained and difficult to study, they are 
among the least understood. 

1 he material of argillaceous rocks is much more varied and heter¬ 
ogeneous than its fine texture at first suggests. Its constituents may 
be divided on the basis of origin into several groups, including (1) 
minerals produced by weathering, (2) relic minerals that have sur¬ 
vived weathering, (3) authigenic minerals, and (4) organic minerals. 

Weathering causes new minerals to be formed by decomposition 
of others, especially of feldspars and ferromagnesian silicates. The 
chief minerals formed in this way are clay minerals of the kaolin 
and montmorillonite types, and also hydrated oxides of aluminum 
and ferric iron (bauxite and limonite); these compose the bulk of 
many argillaceous deposits. Other deposits consist mainly of relic 
minerals, which are chiefly quartz, mica, and feldspar, together with 
day minerals derived from argillaceous parent rocks. Among relic 
(lay minerals, illite, or hydrous mica, is particularly noteworthy. 

Of the authigenic minerals in clayey sediments, the most abundant 
are calcite and dolomite, opal and chalcedony, pyrite, glauconite, 
chlorite, and illite. The last two of these are produced by diagenetic 
alteration of detrital clays, especially in marine environments, and 
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where this change has gone far. illite in particular may become the 
principal constituent of a deposit, as it is in a great many of the old 
marine shales. Other authigenic minerals, however, are to be re¬ 
garded as accessory components. So also arc organic remains, which, 
though relatively abundant in some argillaceous deposits, are lack¬ 
ing in others. The chief kinds of organic material in muds and clays 
are black carbonaceous matter, calcitc or aragonite in the tests of 
l oraminifcra and in bits of larger shells, and opal in the tests of 
diatoms and Radiolaria and in sponge spicules. 

The term mud applies to unconsolidated argillaceous materials 
in general, whereas clay applies particularly to those that are rather 
uniformly fine-grained; most clay is also distinctly plastic and largely 
composed of clay minerals. Mudstone and claystone arc consolidated 
equivalents of mud and clay, but these terms are reserved for more 
or less massive rocks with a blocky habit of fracture. Shale , on the 
contrary, is an argillaceous rock that breaks in a distinctly platy 
fashion, parallel to the bedding. Shale in which considerable silt is 
mixed with the clay is termed silty shale , whereas clay shale contains 
little besides the finest clay material. Argillites are very firmly indu¬ 
rated argillaceous rocks devoid of slaty cleavage, and their formation 
usually involves some recrystallization of the original material; in 
short, they appear to be very weakly metamorphosed mudstones. 

T° lhc foregoing names it is desirable to prefix appropriate ad¬ 
jectives denoting color or accessory components. Black pyritic shale 
is a good example. Not only is this name descriptive, but the black 
color and abundant pyrite both have genetic significance. Most rocks 
of this kind form in water in which poor circulation has resulted 
in depletion of oxygen and accumulation of organic matter, which 
darkens the rocks. Red shale and red mudstone contain ferric oxide, 
which implies deposition in an oxidizing environment. Glauconitic 
shales and mudstones contain the authigenic mineral glauconite, 
which generally indicates deposition in relatively shallow marine 
waters. Some other shales and mudstones may he characterized as 
calcareous, siliceous, ferruginous, foraminiferal. or diatomaceous. 

So, by using appropriate adjectives, a great variety of argillaceous 
rocks can be simply defined. 

Shales and mudstones grade into siltstoncs and sandstones. Rocks 
containing enough clay material to mask other components—more 
than about . r >() or 00 percent—are classed with the argillaceous rocks. 

By increase in the proportion of sand and coarse silt they grade, on 
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the one hand, into arkosic and lithic wackes where produced chiefly 
by mechanical disintegration, and, on the other hand, into quartz 
wackes or very sandy fire clays where decomposition has played a 
larger part in their formation. Muds and clays also grade, by increase 
in authigenic constituents, into various chemical deposits. Marl and 
argillaceous limestone (Fig. 91) result from increase in the content 
of calcite: addition of abundant siderite produces clay ironstone; 
and, as the content of authigenic silica increases, argillaceous sedi¬ 
ments pass into siliceous shales or mudstones or into fiorcellaniles 
and impure cherts. 

A less descriptive classification makes use of terms that refer to 
mode of deposition. One frequently finds reference to glacial, ma¬ 
rine. fluviatile. and lacustrine muds and clays, and some rocks are 
described by such purely genetic terms as loess and boulder clay. 
Useful as they are. these terms are of comparatively little value to 
a microscopic petrographer. for the rocks they refer to can rarely 
be distinguished except by features visible onlv in the field. 


The Clay Minerals 

Hydrous aluminum silicates formed by decay of feldspars and other 
aluminous silicates arc collectively relcrred to as clay minerals. They 
are usually so very fine-grained that critical examination ol them 
by visual means is not possible, but we know that they are largely 
responsible for the distinctive features ol argillaceous rocks. 

One ol the most common ol these clay minerals is kaolinite 
(OH)*AI,Si,0, 0 : another is monlmoiillonite (OH) 4 AI|Si,()j,rnH..O. # 
Illitr, or hydrous mica, is a clay mineral that contains some essential 
potash but less than is required to form mica: one might describe it 
as intermediate between montmorillonite and mica. By substitution 
of magnesium or iron for aluminum, espec ially in montmorillonite. 
the composition of clay minerals may vary considerably from the 
formulas given. Beidcllitc. for example, is essentially a magnesian 
montmorillonite, and nontronite is one rich in iron. Furthermore, 
various exchangeable ions (Na + , K + . Mg f+ . Ca + + , H+) are ad¬ 
sorbed to the surfaces of c lay-mineral particles, generally in greatest 
amounts by those of the montmorillonite type. Bentonite is mont¬ 
morillonite formed by alteration of vitric ash. 


I In- formula giicti would icpiocut uncharged mommoiillonitc; substitutions for 
M • exult in chaigcd nIiccin ami attachment of exchangeable bases out'idc the lattice. 
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AH clay minerals have what are termed layer, or sheet, structures 
and a single perfect cleavage, so that, like micas, they have a platy 
or flaky habit. Internally, however, the structural arrangement of 
their ions takes several patterns and defines several types. Some are 
structurally very similar to mica and may be termed mica-type clays; 
montmorillonite and illite belong here. The ions in kaolinite are 
somewhat differently arranged, and their pattern defines the kaolin 
group of clay minerals (kaolinite, halloysite, dickite, and nacrite). 

Positive identification of varieties of clay minerals is rarely pos¬ 
sible under the microscope, but must be made by X-ray, thermal, 
and chemical analysis. Most clays are so fine-grained that single crys¬ 
tals are scarcely visible with a petrographic microscope, and many 
of the microscopic properties of the various clay minerals are simi¬ 
lar. All of them are optically negative, and the slow vibration direc- 
tion invariably lies in the plane of the cleavage; the only diagnostic 
optical properties are refractive indices and birefringence.® Kaolin 
minerals have low birefringence and commonly show only first-order 
gray colors in thin sections; the mica-type clays, illite and montmoril¬ 
lonite, on the other hand, have much higher birefringence, and even 
very small crystals tend to show at least second-order colors. The 
average refractive index of kaolinite is a little higher than that of 
quartz or Canada balsam (about 1.56); that of halloysite is slightly 
lower. Refractive indices in the montmorillonite group are ex¬ 
tremely variable; in montmorillonite proper they are a little below 
that of Canada balsam, in beidellite they are a little above, and in 
nontronite they range as high as 1.60. The refractive indices of illite 
arc between 1.57 and 1.60. In thin sections of sedimentary rocks one 
can usually distinguish between kaolin and the mica-type clays, but 
even this distinction may be doubtful if the clay is clouded with iron 
oxides or organic matter. 

• Most of the particles in clay sediments at the time of deposition arc compound; they 
arc, in other words, groups of coagulated, colloid-size clay units. Such compound clay 
grains ,-»n he formed and dispersed in a laboratory by making chemical changes in a 
clav-waier suspension. Perhaps no clay can be completely dispersed into its colloidal 
units, but various degrees of coagulation, or flocculation, can be produced, ranging 
from a nearly dispersed colloid to aggregates of compound particles large enough to 
settle rather quickly in water. Most detrital sediments were probably laid down in a 
partly flocculated condition, and consist largely of compound clay flakes. Many of 
these compound flakes have more or less definite optical properties of their own. dif¬ 
fering somewhat from those of individual crystals and extending even to fairly definite 
optic axial angles. These properties, which result from a parallel arrangement of the 
minute clay units within the compound flakes, arc iccognizable only when loose clay 
grains are examined by immersion methods under a microscope. 
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Certain clay minerals are most likely to form in certain environ¬ 
ments. so that our knowledge of the general distribution and mode 
of occurrence of clay minerals in sediments, though rudimentary, 
may be used to aid in their identification by visual means. Both 
kaolin and inontmori I Ionite are products of weathering. Kaolin, 
however, tends to form under acid conditions, and is therefore likely 
to be found in moist environments where drainage is good and 
leaching occurs; formation of montmorillonite, on the other hand, 
is favored by alkaline environments, and this mineral is more likely 
to be found where drainage is not so good and where magnesia, lime, 
and alkalies remain in the soil, lllite is apparently not an end prod¬ 
uct of weathering, although in many soils it is present as an inherit¬ 
ance from the parent rocks. Like montmorillonite, it is stable in 
alkaline environments. 

Recent clay sediments contain all three of these clay-mineral 
groups, their relative proportions being determined by their source. 
Detrital clay minerals, however, are particularly susceptible to 
change during diagenesis, so that in old clay rocks the character of 
the clay minerals may be much altered from what it was originally. 
Ancient shales and mudstones, in general, contain less montmoril¬ 
lonite than more recent deposits, and in those of marine origin illite 
is the predominant clay material. Kaolinite is the predominant clay 
mineral in many non-marine deposits, and is, in general, more 
common than montmorillonite in the older argillaceous rocks. 
Non-marine clays are probably less altered mineralogically during 
diagenesis than those of marine origin, and hence record their origi¬ 
nal character more faithfully. 

Petrography 

Microscopic techniques that are successfully applied to coarser rocks 
have been less fruitful when applied to shales and mudstones. In¬ 
deed, most of what we now know about clay is based upon chemical, 
thermal, X-ray, and electron-microscope studies. Ordinary micro¬ 
scopic examination of clay material, until linked to these other types 
of analysis, resulted in only the most general conclusions, which 
were often erroneous. In this book, therefore, which is devoted to 
the microscopic study of rocks and omits other means of identifica¬ 
tion, less space is allotted to rocks composed of clay minerals than 
to others. I his brevity of treatment, however, must not be allowed 
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to minimize either the importance of argillaceous rocks or the sig¬ 
nificance of whatever microscopic studies can be made of them. 
Microscopic examinations of shales and mudstones in thin section 
are of great value if only because they tend to unify and incorporate 
into a single descriptive picture the results of all other types of 
analysis. 

In shales, flakes of the clay minerals tend to lie nearly parallel to 
the bedding (Fig. 111B), and this produces the platy structure of the 
shale. In thin sections cut normal to the stratification one sees the 
flakes on edge, and, because the extinction position and the slow ray 
are parallel to the direction of elongation, the thin sections as a 
whole tend to show aggregate positive elongation. When rotated be¬ 
tween crossed nicols, an entire thin section may appear to extinguish 
in two principal directions, as though it were cut from a single crys¬ 
tal. In many shales the particles are so small that changes in polariza¬ 
tion color throughout the slide arc all that can be recognized. If, 



A. Sandy fire clay (Eocene), lone, California. Diam. 3 mm. Angular doin'taI 
quartz grains in a kaolin matrix (stippled). Abundant vermicular kaolinite 
crystals developed authigenically after deposition, as shown by their elonga¬ 
tion normal to the cleavage (lower right and top). Note displacements along 
cleavage in some crystals. 

1J. Lias shale, Wurttemberg, Germany. Diam. 0.5 mm. Shale consisting of micro¬ 
crystalline micaceous clay, oriented so that tiny flakes of clay minerals are 
roughly parallel to the bedding. Some angular silt particles composed of 
quartz are recognizable. Very finely laminated structure is caused by streaks 
and minute lenticles of a dark-brown organic substance which clouds and 
masks the clay (dark line pattern). 
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Oil die contrary, the clay particles are oriented at random, as they 
generally arc in massive claystones and mudstones, the polarization 
color of the rock does not change appreciably as the thin section 
is rotated between crossed nicols. 

In some day rocks, whether massive or platy, the crystals arc vis¬ 
ible, and scattered ones as much as 100 or 200 microns long may 
appear throughout the thin sections. Most ol these are flakes that 
have somewhat indefinite boundaries, being especially ragged on 
the ends. Some of them are probably large compound flakes that, 
since deposition, have become integrated single crystals by compac¬ 
tion and diagenetic recrystallization; they may have been enlarged 
by this process. Some flakes, however, were probably formed within 
the clay deposit entirely alter deposition: such, for example, are 
large vermicular crystals ol kaolinite having a slightly curved accor¬ 
dion-like aspect, which occur in some fire clays (Fig. Ill A). Finer- 
grained kaolin, whic h may also be recrystalli/ed alter deposition, is 
usually a mass of leathery flakes and equant crystals, and can readily 
be distinguished from the montmorillonite and illite clays by the 
uniformly low birefringence of the grains. Aggregates of these last 
two minerals, because ol the appreciable birefringence of even mi¬ 
nute grains, have a twinkling appearance when viewed between 
crossed nicols. 

I he tendency ol clay particles to assume parallel orientation, 
causing platy rather than massive structure, is probably controlled 
by many factors. Compound clay flakes, when deposited by settling 
in water, tend to lie parallel to the bedding. But il such flakes have 
a random orientation when laid down, the compaction that occurs in 
even the upper few inches of the deposit is likely to rearrange them 
to roughly parallel positions. It seems more difficult, therefore, to 
explain the random orientation of clay particles in massive mud¬ 
stones and claystones than to explain the parallel orientation found 
in shales. Random orientation may sometimes result from random 
growth of clay minerals during diagcncsis, or perhaps from inclu¬ 
sion of particular impurities in the original clay deposit. For exam¬ 
ple, colloidal silica and colloidal sesquioxides of aluminum and 
iron, when deposited with the clay, may decrease the tendency of 
detrital clay particles to assume parallel orientation, and organic 
material may increase it. There is also a suggestion that the parti¬ 
cles in illite clay tend to assume a parallel orientation more com- 
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monly than do the particles in montmorillonite and kaolin clays, 
though there is no scarcity of montmorillonite and kaolin shales 
with pronounced platy structures. 

To one who is examining shales and mudstone in thin sections 
for the first time, the amount of silt that is generally present is sur¬ 
prising. There are few such rocks in which silt is not abundant, 
although it may be scarcely evident in hand specimens. The most 
common of the silt particles are clear angular fragments of quartz 
and flakes of detrital mica, which are found to be scattered through¬ 
out most clays. Differences in the proportion of silt and clay in 
adjacent laminae often give the rocks a streaked appearance, and 
may be another cause of platy fracture. Most silty laminae in shales 
and mudstones are actually discontinuous minute lenses, and they 
probably indicate weak currents at the site of deposition. In thin 
sections, as in hand specimens, the paler laminae are sillier and the 
darker ones arc richer in clay. 

Most dark-colored argillaceous rocks include carbonaceous or¬ 
ganic matter, which, like silt, tends to occur either in tiny lenses, 
elongated parallel to the bedding, or as scattered grains and specks 
(Fig. 11 IB). The organic material itself is usually a dark-brown or 
black, opaque, structureless substance, and clays in which it is very 
abundant are particularly dark. The opaque matter in shales and 
mudstones is not all organic, however. Some of it consists of minute 
cubic crystals and microconcretions of pyrite. Ferric oxides, also, 
tend to be distributed throughout some argillaceous rocks, and if 
very abundant they make thin sections nearly opaque; usually they 
produce a reddish cast that is clearly evident. 

Authigenic crystals df calcite, dolomite, or siderite are to be found 
scattered through some clay deposits. If the crystals are very small, 
they are conspicuous between crossed nicols only as sparkling specks 
recognizable by their high birefringence. If they are larger, they are, 
of course, very easily recognized. In general, crystals of calcite tend 
to be less idiomorphic than those of the other carbonates. In some 
rocks, carbonates are very abundant and constitute a firm cement 
for the particles of clay and silt with which they are associated. 
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Composition and Classification 

Limestone and dolomite, the principal calcareous rocks, are com¬ 
posed essentially of the lime carbonates calcite (CaC0 3 ) and dolo¬ 
mite [CaMg (C() 3 ) 2 ]. The latter is one end member of an isomor- 
phous series in which ferrous iron is substituted lor magnesium, 
the other end member being ankerite [CaFe (C() s ) 2 ]. The dolomite 
found in most calcareous sediments is actually somewhat ankeritic, 
so that weathered surfaces are often colored tan or buff by oxida¬ 
tion of iron. Aragonite (CaCo 3 ), sidcrite (FeC0 3 ), and magnesite 
(MgC0 3 ) are other carbonates which may be present in calcareous 
sediments, but they are not essential minerals, and in fact they are 
rarely recognized where intimately associated with calcite or dolo¬ 
mite. Aragonite is especially noteworthy, however, because it is a 
constituent of many organic skeletons and shells and is also an inor¬ 
ganic precipitate in the form of mud in some marine and fresh 
waters. But since it is generally less stable than calcite, and tends to 
invert to calcite after deposition, it is absent from most old lime¬ 
stones. 

Many minerals other than carbonates occur in calcareous sedi¬ 
ments. Some are simply detrital or pyroclastic grains washed or 
blown into the depositional basin and mechanically mixed with 
carbonate material (Fig. 112AB). There is almost no limit to the 
variety of rock particles and minerals that may be included in this 
manner, but, as might be expected, quartz ^nd clay arc the common¬ 
est. Other non-carbonate constituents arc organic remains, such as the 
opal of diatom and radiolarian tests and sponge spicules; the collo- 
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Figure 112. Impure Limestones 


A. Sanely Jefferson limestone (Devonian). Bear River Range, northern Utah. 
Diam. 2.5 mm. Subrounclcd detrital quartz grains in finegrained-to-micro- 
crystalline calcitc mosaic. Laminae distinguished by abrupt variation in grain 
si/e of calcite; some quartz grains also concentrated in layers. Quartz grains 
"float" in calcite; that is. they arc clearly separated by calcitc. 

B. I uffaceous limestone (Upper Eocene. Markley formation), Mt. Diablo. Cali¬ 
fornia. Diam. I mm. Sharply angular clear shards of glass "floating" in a fine¬ 
grained calcitc mosaic. Note the irregular boundaries of calcite grains and the 
very even distribution of glass particles. Shards rarely cross boundaries be¬ 
tween calcite crystals. 


C. Pyritic limestone (Lias). Wurttemberg. Germany. Diam. 2.5 mm. Bioclastic 
limestone containing shell fragments cemented with microcrystallinc calcite. 
I he shells that consist of granular calcite have been recrystallized; fibrous 
ones are probably original calcite; coarse calcitc grain at bottom is probably 
an echinoid fragment. Authigenic pyrite (black) replaces parts of the re¬ 
crystallized shells and forms microconcretions throughout the calcitc matrix. 


phane of bones, teeth, and some brachiopod shells; and the carbo¬ 
naceous pigment which darkens many limestones. Authigenic min¬ 
erals may also be present. These may be formed cither almost 
contemporaneously with the calcareous deposits or later, during and 
after iithification. Among the commonest of these are chalcedony, 
quartz, glauconite, pyrite, gypsum, anhydrite, and alkali feldspars 
(Figs. 1I2C, 121BC, and 122). 

T o be classed as calcareous, a rock should contain at least 50 per¬ 
cent lime-carbonate minerals. Because they contain no other essen¬ 
tial minerals than these, the classification of calcareous rocks on the 
basis of composition is relatively simple. Rocks consisting largely of 
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calcitc are termed limestone; those mainly composed of dolomite are 
called dolomite or dolostone; and mixtures of calcitc and dolomite 
are referred to as dolomitic limestone or calc-dolomite .• II accessory 
constituents are abundant, the rock name is modified adjectively to 
suit the particular composition. Glauconitic, cherly, sandy, and ar¬ 
gillaceous limestones are particularly common. Similar terms are 
applicable to some dolomitic limestones, calc-dolomites, and dolo¬ 
mites. By increasing the content of non-carbonate materials, calcare¬ 
ous rocks grade into other rock types: thus sandy limestone grades 
into calcareous sandstone, and argillaceous limestone into marl and 
calcareous shale. 

Their simple classification belies the petrographic complexity of 
limestones and dolomites. The two rocks, although composed essen¬ 
tially of authigenic carbonates, are produced by any one or more 
of several modes of deposition—mechanical, chemical, organic, and 
metasomatic. Their textures, therefore, are exceedingly diverse. 
Some have clastic textures, almost as varied as those of detrital sili¬ 
cate rocks. Other textures result from processes of organic acc retion 
and arc but slightly less varied than the organisms producing them. 
Iextures, also, that arc formed by inorganic chemical prec ipitation 
and by diagenetic recrystal 1 i/at ion and replacement differ according 
to the size, uniformity, relative idiomorphism. and orientation of the 
component crystals, in much the same way as the crystalloblastic 
textures of metamorphic rocks. Further complication arises from 
the fact that few carbonate rocks result from a single mode of depo¬ 
sition, and fabrics of multiple origin may be seen in a single thin 
section. 

Methods of Study 

Because of their special characteristics, limestones and dolomites 
should be examined by techniques other than those applied to sili¬ 
cate rocks. It is difficult to distinguish between the various carbon¬ 
ates in thin sections because their optica! and crystallographic 
properties arc much alike, except for refractive indices, and these 
cannot be determined reliably except by oil-immersion methods. 
Study o f thin sections is very useful in observing the distribution 

• the term magnesian I im cm one" is ambiguous. It is applied by some to limestones 
containing dolomite in amounts less than 10 percent, by others to limestones in which 
I'lolc dolomite is lacking but which carry considerable magnesium, as shown l»v 
lemical analysis. 1 he laiier usage seems the more appropriate. 



SEDIMENTARY ROCKS 


33 6 

and composition of accessory minerals and the details of carbonate 
texture, but it should be supplemented by simple chemical tests 
designed to distinguish the carbonate minerals themselves, especially 
calcite from dolomite and from aragonite. 

I he two most common chemical tests are staining with various 
solutions and etching with acids. Aragonite is distinguished from 
calcite. for example, by the violet stain it assumes when boiled for 
about twenty minutes in cobalt nitrate solution (Meigens test). 
Other stains distinguish calcite from dolomite, and these may be 
used on polished surfaces or uncovered thin sections. One of the 
most useful of these stains, because it is both quick and reliable, is 
I.emberg s black ferrous sulphide stain, protected temporarily against 
oxidation by a film of glycerine; a black coating forms on calcite, 
but dolomite is not affected. Many other stains have been described.* 

Calcite is more soluble in acids than any other rhombohedral 
carbonate. I herefore a surface of calc-dolomite or dolomitic lime¬ 
stone, when treated with acid of proper strength, is etched so that 
the dolomite and other less soluble minerals stand in relief as the 
calcite dissolves. Cold dilute hydrochloric acid (about 10% by vol¬ 
ume) is often used, but more delicate and reliable etching can be 
achieved with cold formic acid (about 2 normal) or dilute acetic 
acid. Appreciable solution of calcite frees small insoluble particles 
that fall from the etched surface and may be collected for separate 
examination by immersion methods. Etching can be applied, of 
course, to any limestone surface, whether sawed or irregularly 
broken. It can also be applied to uncovered thin sections, in which 
case etching should be arrested when the calcite grains are suffi¬ 
ciently thin to give interference tints distinctly lower than those of 
other carbonates. 

Staining and etching methods are particularly helpful in that they 
can be cheaply and quickly applied to extensive surfaces, for many 
textural and compositional variations in limestones and dolomites 
are on far too large a scale to be studied in thin sections. Stained 
and etched surfaces of hand specimens, when viewed with a stereo¬ 
scopic microscope, yield considerable information in themselves, and 
they can also be used to determine what portions of a rock will sup¬ 
ply the most useful thin sections. 


• A careful account in English of the most useful stains for distinguishing calcite from 
dolomite is given by John Rodgers. Am. Jour. Sei., vol. 238. pp. 788-798. 1940. See 
also L. W. Leroy. Subsurface Geologic Methods, pp. 195-196. 1950. 
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Non-carbonate minerals in limestones and dolomites, of which 
the most common are chert, clay minerals, and quartz grains, can be 
examined alone after the calcite and dolomite have been completely 
dissolved with acid. 


Organic Limestones 

Classification 


Limestones containing abundant skeletal matter may be called 
organic limestones. Because of the great variety of calcareous organic 
materials and of the many ways in which they may be deposited, 
these rocks are extremely variable in texture, though they do not 
vary much in chemical composition. Limestones consisting largely 
of organic remains are probably more common and more widespread 
than any others (Figs. 114, 115, and 1 16 ). Some of them are autoch¬ 
thonous; that is, they consist of organic remains that have not been 
transported from the habitat in which they lived and died. In these 
the organic materials are apt to be unbroken and may even stand 
in the position of growth. Contrasted with these are the allochtho¬ 


nous organic limestones, composed largely of organic debris that has 
been disrupted, transported, perhaps abraded and sorted, and finally 
deposited as fragmental accumulations of skeletal material to form 
bio clastic limestones. Because of the organic derivation of their par¬ 
ticles, these rocks may be broadly classed as organic limestones, but 
more specifically they are clastic limestones, and are therefore con¬ 
sidered more fully farther on. 


Varieties of organic limestone are commonly designated by their 
predominant constituent. One may speak of algal limestone, coral¬ 
line limestone, crinoidal limestone, brachiopod limestone, and foram- 
imferal limestone. The use of such a name, however, does not mean 
t iat the rock in question is composed entirely of the organism speci- 
>ed. Indeed, in many of these rocks, the predominating type of 
organic material makes up considerably less than half of the bulk. 
- astic organic limestones, in particular, are apt to contain abundant 
inorganic impurities (Fig. 116A). 

Among the autochthonous limestones, one tends to think first of 
those built fundamentally by sedentary organisms such as corals and 
pme algae, living and growing in reefs on relatively shallow marine 
>an s. rhe calcareous skeletons of these organisms are so integrated 
^ to bind together the reef structure of which they arc a part, and 
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they largely determine the character of the rock that contains them. 
But every living reef teems with marine life and therefore includes 
the remains of many different organisms. Mollusca and Foraminif- 
era, for example, are more abundant in some modern "coral reefs” 
than coral itself; some Paleozoic coralline reefs, likewise, were prob¬ 
ably built chiefly by crinoids. bryozoans, and brachiopods. 

Many reefs grow to considerable thickness relative to their width. 
They grade laterally into better-stratified, bioclastic limestones, and 
often arc built upon them and buried by them. Such thick, lenticu¬ 
lar reef structures of massive rock enclosed by stratified limestone 
arc called bioherms. Most of them are porous structures infiltrated 
by varied organic debris, so that they are particularly heterogeneous. 
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Figure 113. Organic Carbonate Fabrics 

Drawn by R. S. Crccly. 

A. Segment about 2 mm. wide of the columella of Eocene gastropod Potamides, 
consisting of fibrous aragonite (lines and short dashes) traversed by curving 
growth lines (stippled). Aragonite fibers commonly cross growth lines and 
intersect shell edge (lower left and right) at a high angle. 

B. Segment of Inoceramus shell, consisting of two distinct layers. Upper layer 
is about 1 mm. thick and consists of prismatic calcite; lower layer is lamellar 
aragonite. The segment illustrated is near the hinge area, which accounts for 
irregularities in the upper part of the prismatic layer. 

C. Segment of Peclen shell, consisting of three distinct layers. Upper layer is 
about 0.75 mm. thick. It is the outer layer of the shell, and consists of fibrous 
calcite having irregular orientation: middle layer is aragonite having a some¬ 
what irregular and hazy columnar structure: lower (and inner) layer consists 
of stumpy aragonite prisms standing normal to the shell surface. 
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Other autochthonous limestones are thinner and more widespread, 
being essentially sheets of relatively unbroken organic material. 
These are called biostromes. Some contain the remains of many 
different organisms; others contain but a single organic type (Figs. 
114 and 122C). Some consist largely of benthonic forms; in others, 
pelagic organisms may be the chief constituents. Many of them are 
individual beds of limestone interstratified with other kinds of lime¬ 
stone or with marls, shales, or sandstones. 

Petrography of Organic Materials 

Aragonite and calcite are the only carbonate minerals commonly 
secreted by organisms. Chemical analyses show that magnesium is 
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Figure 114. Organic Limestones 

A. Foraminiferal limestone (Eocene), Italy. Diam. 5 mm. Abundant Forami- 
nifera in a matrix of microcrystalline calcite (stippled). Orbitoids predomin¬ 
ate. but a variety of other forms is included. 

B. Gastropod limestone (Miocene), Ulrn, Germany. Diam. 3 mm. Fresh-water 
limestone containing abundant whole and broken Planorbis shells. Matrix is 
turbid microcrystalline calcite (dark stippling) containing patches of clear 
coarser calcite. Larger shells were only partly filled with lime mud at the time 
of deposition. Voids remaining within shells, and also cavities under shell 
fragments, were later filled with coarser clear calcite as a result of authigenic 
precipitation. Contact between microcrystalline calcite and authigenic calcite 
within shells is the bedding surface and is shown right side up. 

C. Trilooite limestone (Silurian), Asker, Norway. Diam. 3 mm. Very abundant 
carapaces of the trilobite Olenus are recrystallizcd to clear calcite and en¬ 
closed in a recrystallized calcite mosaic, in which cTudely columnar crystals 
stand approximately normal to the shell surfaces. 
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present in considerable amounts in many organic structures, but it 
probably occurs in solid solution in calcite, for the mineral dolomite 
has not been reported. Skeletal material composed of aragonite is 
invariably pure calcium carbonate. Of the organisms that secrete 
calcite, some include more magnesium than others; this is true of 
Echinodermata, Bryozoa, Algae, and some corals; furthermore, mag¬ 
nesium is secreted more abundantly by organisms inhabiting warm 
waters than by those living in colder waters. 

Most shells consist of either calcite or aragonite alone, although 
some contain both minerals. T he carbonate crystals tend to be either 
prismatic or finely fibrous and to be oriented roughly normal to the 
shell surfaces or nearly parallel to them. The calcareous brachiopods, 
lor example, produce shells consisting wholly of finely fibrous calcite 
so oriented that the fibers are parallel or nearly parallel to the shell 
surface.* The complexly layered shells of oysters also consist en¬ 
tirely of finely fibrous calcite; but Figure 113A illustrates the com¬ 
plex structure of a gastropod shell composed wholly of fibrous 
aragonite. Coral, too, whether composed of aragonite or calcite, is 
characterized by a fabric made up of fibrous or prismatic crystals. 

In shells consisting of both aragonite and calcite, such as are se¬ 
creted by some marine mollusks, the two minerals are never inti¬ 
mately mixed. Instead, they occur separately in different layers of 
the same shell. Generally the outer layer is composed of prismatic 
or fibrous calcite, while the inner layers, which are often pearly, are 
formed of fibrous or lamellar aragonite (Fig. II3BC). Perhaps the 
best-known example is the shell of the mollusk Inoceramus, which 
is made up of a thick layer of cross-oriented calcite prisms and an 
adjacent nacreous layer of aragonite (Fig. I13B). Bits of the calcite 
layer commonly break free from lifeless Inoceramus shells and are 
included in sediments as thin plates with distinctive cross-oriented 
prismatic structure. These have been called Inoceramus prisms. 

A notably different fabric is found in the echinoderms, the skele¬ 
tal structures of which invariably consist of coarse calcite crystals. 
Each calyx plate or stem segment of a crinoid is a single calcite 
crystal. The same is true of each plate of a sea urchin or other 
echinoid. Each plate is perforated, to be sure, and has an organic 
pattern or shape, but the calcite has the same crystallographic ori¬ 
entation throughout. The spine of a modern sea urchin, for example, 
has a very intricate pattern radial about the spine axis, but the en¬ 
tire structure is a single calcite crystal so oriented that its c axis 

• Other brachiopods secrete chitin or calcium phosphate. 
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coincides with the spine axis, and in each plate of the same organism 
the calcite is oriented with its c axis normal to the surface of the 
plate. The pits and pores of these organic structures, when en 
tombed in sediments, are filled with secondary calcite that grows in 
continuity with the original calcite, producing large and apparently 
structureless crystals and at the same time cementing them into 
coarse-grained aggregates. It is for this reason that most crinoidal 
limestones have a coarse texture (Fig. 115B). Large sparkling cleav¬ 
age surfaces may be evident even in hand specimens, their derivation 
Irom crinoidal remains being indicated by the circular outline of 
many grains and occasionally by some remnant of internal structure 
within the crystals. 

Tl,c composition and structure of organic material have a con¬ 
trolling influence on the state of its preservation in sedimentary 
rocks. Fossils consisting of aragonite are. as a rule, poorly preserved. 
Aragonite shells, or shells containing aragonite layers, are weaker 
and more easily broken than those composed wholly of calcite, and 
they may he pulverized into aragonite mud in places where calcitic 
shells tend to form larger fragments. And, because aragonite is more 
soluble than calcite. fossils composed of it are commonly represented 
simply by molds. Calcitic secretions of coarser grain and higher mag¬ 
nesium content are least soluble of all, as shown by the good preser 

yanon of many echinoids in limestones devoid of other determinable 
fossils. 

Old limestones rarely if ever contain aragonite, for in time it in¬ 
variably inverts to calcite, losing its original structure in the process. 
Old organic remains in which the detailed internal structures are 
distinct were undoubtedly calcite originally, but even these are 
o ten recrystallized to rather coarse granular calcite aggregates hav¬ 
ing the external form of the organic secretion. By rccrystallization 
' ie internal structure of the original material is destroyed, so that 
only its external form indicates its organic origin. Most shells com¬ 
posed ol granular calcite are to be regarded as recrystallized (Figs. 

115C, 116B, and 118A). 6 

Clastic Limestones 

Clastic limestones consist of calcite fragments, either terrigenous. 

g nic, or oolitic, that were transported and more or less abraded 
an sorted before they finally came to rest. Most of them are ma- 
e - Once they are deposited and buried, they tend to be quickly 
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Figure 115. Rioclastic Limestones 

A. I win Creek limestone (Jurassic), near Jackson. Wyoming. Diam. 2.7 mm. 
I'ooily sorted, ragged organic fragments enclosed in a matrix of calcitc mud 
(stippled). Most larger fragments are fibrous calcite and may be bits of 
biacbiopod or of certain molluscan shells; two coarse calcite fragments are 
bits of cchinoids. 

B. Crinoidal limestone (Ordovician. Trenton limestone). Trenton Falls, New 
Noik. Diam. 5 mm. Medium grained calcite mosaic characterized by micro- 
stylolitK grain boundaries. A calcarenite. composed largely of broken crinoid 
plates and stem segments, that lias been tightly welded by pressure and 
differential solution along grain boundaries. One phosphate shell fragment 
in lower part of diagram. 

C. Cephalopod limestone (Silurian). Chuohle. Bohemia. Diam. I mm. Unbroken 
large shells of the natitiloid cephalopod Orlhocrtas (circular cross-section) in 
a matrix of broken and recrystallized shell fragments cemented by a mosaic 
of fine-grained calcite (stippled). Orlhoccras shells arc recrystallized and 
filled with clear, relatively coarse calcite. 

cemented by additional carbonate chemically precipitated in the 
pores between the fragments. Since the grains and the cement are 
of similar composition, the two are not readily distinguished in 
every specimen, but in thin sections or on polished surfaces frag¬ 
ments of sand si/e or larger are usually recognizable. Such deposits, 
differing from ordinary sands only in their mineral composition, 
have been named calcaretiites.* 

• The corresponding icon for coaiser-giained deposits. ealcirueUte, is little used. 
Very fine-grained rocks composed of clastic lime mud may be called calcilutitrs, bill 
this icrin also is little used in piacticc Irccausc the rocks to which it refers can scarcely 
be tctngni/cd although ilicy undoubtedly aic common: microcixstallinc limestones 
formed by mechanical means usually appear similar to those of similar grain size that 
were formed l»v chemical pircipitation 
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Figure 116. Coquina and Organic Marl 

A. Anastasia formation (Pleistocene). Tiiuwillc. Florida. Diam. 3 mm. This 
diagram illustrates the finer part «»l a co.irsc- coquina composed of sub- 
angular Hindustan shell liagments and tletiital quad/ grains; it is intom- 
plecoly cemented by fine-grained <.«I« it< Shells tonsist of original fibrous 
caltite and aragonite. I wo unfilled pores in upper left. 

B. Microcoquina (Jurassic). Il.iimowr. Germany. Diam. 3 mm. Fragments of 
small mo! I use a n shells and si altered angular and subaiigular quartz grains, 
completely cemented by finegrained talcite. Most smaller shell fragments 
consist o| original microfibioiis c.diite (stippled); larger shells rccrystalli/ed 
to granular calcitc were probably .ir.igonile origin.dlv. 

C. . Ostracod marl (Eocene. Green Riser formation), neai kemmercr. Wyoming. 

Diam. 3 mm. Ostracod shells rc«r\stalli/ed and Idled with clear medium¬ 
grained caltite. Matrix is vers fine-grained c.dcite and scattered clay: numer¬ 
ous laminae largely composed o! day (line pattern) accentuate the bedding. 
Note liosv the laminae have been bent by compaction around ostracod shells. 

(ale aienitcs arc* soiled and stratified just as other sandstones and 
(onglomcratcs are. I hose that accumulate in shallow water where 
wave and bottom currents are more or less continuous, and those 
that arc blown inland from beaches to form dunes, are usually very 
well sorted and easily rccogni/ed. Such materials are accumulating 
today on many beaches and dunes and in shallow water around 
oceanic islands and along continental coasts such as those ol south¬ 
ern and western Florida. In nnsorted or poorly sorted calcarenites 
the larger grains lie in a matrix of impalpable lime mud (Fig. 1 |. r »A); 
such sediments perhaps accumulate in deeper waters where bottom 
< urrents are not strong enough to sort the debris. 

(.rains ol dctrital quart/, volcanic debris, glauconite, and other 
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silicates in less abundance are present in many calcarenites (Fig. 
116AB) and may be concentrated in definite laminae. Such grains 
may. indeed, be a useful criterion of clastic origin. By increase in 
content of silicate grains, calcarenites gTade into calcareous sand¬ 
stones, with which they are often interstratified (Figs. 107A ar.J 
1 2o Hj. 

Calcarenites contain carbonate particles of three different types— 
namely, organic fragments, oolites, and bits of older carbonate rocks. 
Most common are the organic fragments, which include skeletal 
material broken from reefs and large shells, together with some 
unbroken tests of small organisms such as Foraminifera and ostra- 
cods. I he rocks composed predominantly of fragmented organic 
matter are collectively termed coquina, or microcoquina when the 
fragments are of sand size or smaller (Fig. I16AB). Among Paleo¬ 
zoic strata, crinoidal limestone, made up of stem segments and calyx 
plates of crinoids, is perhaps the most widespread of these rocks 
(figs. 1I5B and I20B); other coquinas contain bits broken from 
many other organisms, such as Mollusca, Bryo/oa, Algae, and corals. 

II the fragments are not much abraded, they are easily recognized 
(l igs. 112C and 116B), but if organic debris has been well rounded 
and polished, its source may be apparent only in the internal struc¬ 
ture of the material as seen in thin sections (Fig. 118A). 

Rocks containing an abundance of oolites arc termed oolitic lime¬ 
stones. Individual oolites are spheroidal or ovoid, and consist of 
calcite or aragonite deposited by chemical accretion around some 
center. In many oolites the nucleus is a chip of organic calcite, a 
silicate sand grain, or even a piece of fractured oolite; in others there 
appears to be no nucleus at all. The oolites in clastic limestones 
tend to be well sorted, conforming generally to the size of other 
fragments in the same rock whether these consist of carbonate or of 
silicates or quartz (Figs. 117 and 118). 

Most of the oolites that are now being precipitated or that have 
been precipitated recently consist of aragonite rather than calcite. 

At the time of formation they have a concentric structure and arc 
exceedingly fine-grained; the radial fibrous structure seen in many 
of them perhaps develops later during the conversion of aragonite 
to calcite. Radial calcite is usually coarser-grained than the original 
material and hence appears lighter-colored and clearer under the 
microscope. Complete conversion to radial calcite destroys the con¬ 
centric structure, but the two may occur together; the continuity of 
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I inure 117 . Oolitic Limestone* 


A. Pleistocene oolites. Great Salt Lake, Utah. Diam. 3 mm. Oolites consist of 
subangular dctrital quart/ grains enclosed by carbonate having both concern- 
,r,c a,ul f,brous structure. Radial fibrous carbonate is calcite; at least 

sonic of the concentric carbonate (right center and top) is aragonite. An 
incipient cement composed of finely granular calcite rims the oolites, but 
rot k is very porous. 


* Oolitic limestone. Volksen. Dcistcr Mountains. Germany. Diam. 3 mm. Oolites 
consisting of shell fragments encased by microcrystalline calcite (dark stip¬ 
pling) a.e firmly cemented by a matrix of fine-grained calcite having some¬ 
what variable grain si/e. 


G. Composite oolites (Pleistocene). Pyramid Lake. Nevada. Diam. 6 mm. Large 

calcareous oolites consisting of cryptociystalline (stippled) and radial fibrous 

(< car) concentric layers, fibrous layers arc calcite; cryptocrystalline layers 

arc at least partly aragonite. Nuclei arc fragments of broken oolites, clusters 

, UMy ° ol,ICS < r, K hl a,,d cemcr )- J »d bits of granular carbonate (lower right). 
Incipient cementation as in A. 


S ° mC '° ncen,ric la V crs ™y be broken by segments having radial 
I2:r ,a<llal S,r " C,Ure " ,ay devcl °P in some layers but not in 

Carbonate parti, les of still another sort are fragments of older 
imestonc and dolomite. These are most readily recognized when 
ili. ,U U aU ' c Y barge, as in limestone conglomerates. Some of 
arc •"Informational conglomerates, produced by submarine 
up.ure °f limestones not long deposited, and consist of chunks and 
, ’ bn.es,one or dolomite bonded by a matrix of carbonate mud 

• , 7 " >ay l,C S<arCC, Y recognizable except on surfaces 
u.lud either by natural weathering or by acid applied in the iab- 


346 


SEDIMENTARY ROCKS 



figure 118. Oolitic Limestones 


A. Oolitic limestone (Jurassic). Bath. England. Diam. 2.5 mm. Radial fibrous 

.. lute oolt.es upper right), nmrogranular calci.e pellets (heavily stippled, 
at bottom), and abraded shell fragments, all cemented with fine-grained cal- 
ute. Cement fabric consists of bladed calcite crystals rimming each carbonate 
fragment, w„h coarse calci.e crystals (lightly stippled, near bottom) occupy 
mg t ic (enters of original pores. Some shell fragments are original fibrous 
J.ildte; some are abraded single crystals, probably from echinoids (right and 
left): some are recrystallized granular calcite and were probably aragonite 
originally. r ® 

B. Recent oolites, coast of southern Florida. Diam. 2.5 mm. Dark cryptocrystal- 
line oolites having distinct concentric structure. Many have microcrystalline 
(aliite nuclei, but concentric carbonate is largely aragonite. Partly cemented 
with fine-grained calcite. which is not apparently idiomorphic against voids. 
Remaining pores are blank. 

C. . St. Louis limestone (Mississippian), Bowling Green. Kentucky. Diam. 2.5 mm. 

Oolites consisting of radial fibrous calcite, but with distinct concentric band¬ 
ing. firmly cemented by fine-grained clear calcite. Nuclei in oolites are mostly 
microcrystalline calcite pellets, but a few appear organic (right edge and 
lower right). 


oratory. Other limestone conglomerates and sandstones are of ter¬ 
rigenous origin, having been formed by subaerial erosion and depo¬ 
sition of limestone debris. They are locally important where erosion 
has been rapid and the detritus has not been carried for long dis¬ 
tances. and where the environment has been favorable to its preser¬ 
vation. 

I he various kinds of carbonate particles are, of course, commonly 
intermixed, and are to lie found together in many widespread layers 
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of limestone. One of the commonest types of calcarenite (Fig. 118A) 
consists of a mixture of organic debris and oolites. 

In clastic limestone the grains and cement consist of the same 
minerals and must be distinguished by differences in texture. In 
some rocks the cement is clear, medium- or coarse-grained calcite, 
and stands in marked contrast to the more turbid clastic grains, 
whether these be oolites, fragments ol organic material, or bits of 
older rock (Fig. 118AC). Rocks of this sort were probably well- 
sorted carbonate sands having rather high initial porosity, and the 
cement was deposited later during diagenesis. Cement of this kind 
commonly forms shortly after deposition; the part formed first con¬ 
sists of granular calcite coating the surfaces of the clastic grains 
(Figs. 117AC and 118B), and continued deposition of the calcite ce¬ 
ment gradually fills the pores completely (Figs. 116AB and 118AC). 
Where a grain is part of a single crystal of calcite, as in fragments of 
crinoids, the cement often grows in crystallographic continuity with 
it, and the clastic grains arc then recognizable only because they are 
darker than the cement (Fig. I25A). The cement in other calcar- 
enites is very fine-grained and dark (Figs. 115AC and 117B). Much 
ol this is probably original lime mud, deposited as a matrix between 
the larger fragments. 

lake the particles in recent silicate sands, the carbonate fragments 
in calcarenites arc usually in contact only here and there along their 
margins, and in thin sections many of them appear to be completely 
separated by cement. But in a few calcarenites the clastic grains arc 
in < lose contact and so molded to each other that cement is reduced 
«o a minimum (Fig. 115B). This texture suggests that pressure and 
differential solution along grain boundaries have produced a close 
packing of original grains before complete cementation. This proc¬ 
ess in clastic limestones is commonly indicated also by silicate grains 
that have been pressed into organic fragments. 


Aphanitic Limestones 

A great many limestones are exceedingly fine-grained, so that the 
minute carbonate crystals of which they are composed are smaller 
in diameter than the thickness of a thin section. The aggregates then 
appear torb'd and dark-colored, and the grains cannot be examined 
individually. Many rocks of this kind have so few discernible varia- 
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tions in texture and composition that they cannot be classified genet¬ 
ically with any assurance. No doubt some of them were chemically 
precipitated as calcium carbonate mud in lakes or in the sea. Per¬ 
haps they consisted originally of minute acicular crystals of arago¬ 
nite. with or without calcite, such as are found today on the Bahama 
Banks (drcwite), and were later consolidated by compaction, at¬ 
tended by recrystallization of aragonite to calcite. The impalpable 
lime muds produced mechanically by abrasion and sorting of car¬ 
bonate materials are rarely distinguishable from chemically precipi¬ 
tated aphanitic limestones, but they probably contain less aragonite. 

Siliceous impurities are to be expected in aphanitic limestones. 
Nodules, thin beds, and irregular replacement bodies of chert may 
be abundant. Sand grains, blown or rafted into the accumulating 
lime muds, arc scattered through some of them, but the most com¬ 
mon detrital impurities consist of clay or the finest silt, which ac¬ 
cumulates in quiet waters where lime muds tend to develop. By 
increase in clay content, aphanitic limestones gTade through argil¬ 
laceous limestones (hydraulic limestone, or water-lime) into marl, 
which may be half clay (Fig. 91). Most of the limestones deposited 
in continental environments tend to be impure because they are laid 
down where silicate debris, such as clay, is generally available. Pure 
equigranular aphanitic limestones, collectively known as lithographic 
limestone, are mostly of marine origin. 

Variations in grain size and local concentrations of impurities in 
aphanitic limestones arc often apparent in a single thin section. Areas 
in which the material is exceedingly fine-grained or impure appear 
dark; those in which it is coarser and purer have a distinctly lighter 
shade. Such variations may be either haphazard or systematic. In 
some limestones, for example, the finest-grained, darkest portions 
of the rock are ovoid bodies, and the rock is termed pellet limestone; 
thin sections of these are mottled by dark, indistinctly bounded oval 
patches in a cement of clearer and slightly coarser calcite (Fig. 
122B). The ovules may represent fecal pellets of organisms that lived 
in the lime muds when they were being deposited. They have been 
called pseudo-oolites because they superficially resemble oolites ex¬ 
cept that they are structureless. In other aphanitic limestones the 
clay material is concentrated in laminae, which are therefore darker 
and give the rock a streaked appearance (Fig. 116C). Veinlcts of 
medium- or coarse-grained clear calcite are common in most lime¬ 
stones and are particularly evident, because of their light color, in 
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the aphanitic types; they may be so numerous as to resemble a 
small-meshed network. 

Fossils in aphanitic limestones are likely to be unbroken and well 
preserved. Most of them are the remains of organisms that lived in 
quiet waters or in lime muds accumulating there; other fossils may 
be fortuitously included and preserved. Cavities in the fossils are 
commonly filled with the lime mud that entombed them, but they 
are particularly striking when filled with coarser-grained limpid 
calcitc precipitated from solution during diagenesis (Figs. 114B. 
115C, and 116C). 

Dolomites and Dolomitic Limestones 

There are many old dolomites, yet dolomite is not known to be 
forming on the sea floor at present. The latter fact and the fact that 
many structures originally composed of calcite or aragonite have 
undoubtedly been replaced by dolomite have led most geologists to 
believe that dolomites form principally by alteration of limestone. 
Organic secretions, for example, are never originally dolomite, but 
much of the organic material in limestones has been dolomitized. 
No one contends, however, that all dolomites and dolomitic rocks 
have been formed in one way. 

Probably some dolomites are chemical precipitates that settled 
directly from lake or sea waters, especially where salinity is high. 
Such an origin may account for some of the dolomites in evaporite 
sequences, and for some others that are clearly associated with a 
particular environment of deposition. But these rocks might also 
be explained by early diagenetic replacement of calcite or aragonite 
on the sea floor. Dolomite strata of great lateral extent and uniform¬ 
ity. lying conformably between limestone beds, are generally attrib¬ 
uted either to original precipitation or to replacement on the sea 
floor before burial. There is probably no petrographic criterion to 
distinguish these two kinds of dolomite from each other; and, since 
dolomite formed by either mechanism is older than the superposed 
strata, it may be called primary. In some carbonate rocks there is 
dolomite that occupies cavities and did not necessarily replace either 
calcitc or aragonite—for example, the sparry dolomite crystals lin¬ 
ing cavities in many reef rocks. Many dolomites, on the other hand, 
have undoubtedly originated by later metasomatism—that is, by 
replacement of limestones after burial and lithification. Masses of 
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dolomite having irregular or vein-like form that cut across the strati¬ 
fication of associated limestones, particularly those related to faults 
and joints, are of this type; some of them are associated with depos¬ 
its of metallic sulphides. Late metasomatism may be very selective, 
however, replacing certain beds or laminae or fossils without appar¬ 
ent effect on the surrounding rocks, and then the results of the 
process simulate primary dolomimation. 

At least a few dolomites are clastic rocks. Some of these are detri- 
tal, being derived from older strata by subaerial erosion. Others con¬ 
sist of authigenic dolomite grains moved about by currents after 
their deposition on the sea floor. 

In dolomitic limestones and calc-dolomites, textural relationships 
between calcite and dolomite are of particular interest. In some 
rocks, aggregates composed of little besides dolomite are in contact 
with others composed largely of calcite. On a microscopic scale these 
contacts are very irregular, although on a larger scale they may ap¬ 
pear to be smooth. For example, dolomite may compose certain beds 
or laminae, alternating with others composed of calcite (Fig. 119B). 


Figure* 119. 

Dolomitic Limestones A B 

A. Chary limestone (Ordovician), Chary, New York. Diam. I mm. Microcrystal- 
line calcite of uneven grain si/e containing cuhedral rhombohedra of dolo¬ 
mite. Darker central zones are distinct in many of the dolomite crystals. 

B. Triassic dolomitic limestone (Marble Bay formation). Texada Island. Georgia 
Strait, British Columbia. Diam. 1.8 mm. Alternation of calcite and dolomite 
laminae. Dolomite is finer-grained than calcite but otherwise similar: the two 
are distinguishable only by chemical tests. Laminae at bottom have relatively 
smooth contacts: others arc irregular, suggesting replacement of one carbon¬ 
ate by the other, probably during early diagenesis. The laminae are seen in 
the field to be extensive. 



CALCAREOUS ROCKS 


35' 

Where such banding is very extensive, it is presumably of primary 
origin. It may form by alternate precipitation of calcite and dolo¬ 
mite, or perhaps it results from a uniform primary precipitate sub¬ 
jected to changing physicochemical conditions on the sea floor 
favoring early dolomitization (or calcitization) of some layers and 
not of others. Dolomite aggregates are also to be found disposed 
irregularly through limestones. For instance, there are in some lime¬ 
stones small, tubular, irregularly branching dolomite structures 
generally lying more or less parallel to the bedding planes and con¬ 
centrated within certain beds. Perhaps these outline the borings of 
marine worms or mark the forms of ancient seaweeds, and if so the 
dolomite was probably produced not long after deposition of the 
lime muds in which it is found. 

Other dolomitic limestones contain crystals of dolomite that are 
distributed more or less regularly through the calcite. Here the dolo¬ 
mite tends to form euhedral crystals having the form of unit rhom- 
bohedra. Calcite in contact with dolomite tends to be anhedral, and 
this usually serves to distinguish the two minerals. Many dolomite 
crystals arc made up of zones of varying iron content, the ferriferous 
zones often having a brownish tinge. Dolomite crystals having inter- 
zoned calcite have also been reported but are rarely recognized. 

Scattered dolomite rhombohedra in limestone are common. They 
arc particularly striking in aphanitic limestones, where the dolomite 
forms clear euhedral grains contrasting strongly with the turbid 
microcrystalline calcite (Fig. 1I9A). These probably form early in 
the muds on the sea floor by replacement of calcite, minute relic 
grains of which arc often preserved within them. Similar dolomite 
rhombohedra disposed through coarse-grained clear calcite, although 
not so striking, are distinguishable by their euhedral forms. These, 
too, have probably replaced calcite. 

Aggregates consisting of dolomite alone are mosaics of anhedral or 
subhedral grains. If the crystals are strictly anhedral and tightly in¬ 
terlocking, they differ in no essential respect from crystalline granu¬ 
lar calcite mosaics and cannot usually be distinguished in thin sec¬ 
tion by purely optical means (Figs. 112AB, 121AB, and 125A). The 
crystals in many dolomite aggregates, however, clearly display a 
tendency to assume their characteristic crystal forms, and in these 
there is likely to be some intergranular porosity where adjacent sub- 
hcdral crystals fail to interloc k (Figs. 120B and 121C). 

Dolomites lend to be more even-grained than limestones, and they 
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Figure 120. Dolomicized Organic Limestones 

\. Dolomitized Devonian coral. Bear River Range, northern Utah. Diam. 8 mm. 
I .um stone matrix and septa of coral replaced by very fine grained dolomite; 
toarser dolomite has filled in between septa in coral; dolomite cuhedra near 
the center are enclosed in a single large calcite crystal. 

B. Dolomitized crinoidal limestone (Silurian). Niagara River. New York. Diam. 

mm. C.oarse calcite crystals (stippled) are remnants of crinoid plates and 
stem segments enclosed and marginally replaced by a turbid matrix made up 
of dolomite rhombs. 

C. Dolomitized Devonian coral (Cyathophyllum), Eifel. Germany. Diam. 3 mm. 
Coral structure cut longitudinally. Septa consist of cross-oriented prismatic 
dolomite; dolomite mosaic between septa is composed of interlocking larger 
anhedral grains, generally elongated parallel to septa. 

au rarely as fine-grained as the finest limestones or as coarse-grained 
as the coarsest. Moreover, they have fewer recognizable microstruc- 
ttires, and most of those that do appear are shadowy features whose 
outlines suggest that they have been inherited from original lime¬ 
stone structures. Clastic texture, for example, is rarely noted in pure 
dolomite rocks, yet many such rocks contain numerous "floating” 
detrital quartz grains probably inherited from calcarenites whose 
other features have been obscured by dolomiti/ation (Fig. 121C), 
fossils, too, are rare in dolomites. Perhaps few organisms inhabit 
environments that favor primary deposition of dolomite; and cer¬ 
tainly dolomitization of limestone tends to destroy the internal 
structure and even the outlines of many fossils. For this reason 
richly fossiliferous limestone and barren dolomite may form adja¬ 
cent portions of a single stratum. Dolomiti/cd fossils, however, are 
visible although scarcely determinable in some carbonate rocks (Fig. 
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Figure 121. Dolomites 

A. Lone Mountain dolomite (Silurian). 9.000 feet below surface, near Eureka, 
Nevada. Diam. 2.5 mm. Mosaic of dolomite anhedra, not visibly different 
from some recrystallized c a kite mosaics. 

B. Glauconitic Bonneterre dolomite (Cambrian), near St. Louis. Missouri. Diam. 
2.5 mm. Inequigranular dolomite mosaic, with patches of microcrystalline 
glauconite between dolomite grains. Local ferric oxide (black). Compare 
pellet form of glauconite (stippled) in C. Relic ovoid in large dolomite grain 
•it rig it may be organic. I he rock contains some detrital quartz grains (not 
shown in this field) and is perhaps a dolomitizcd glauconitic calcarenite. 

G. Sandy glauconitic dolomite (Cambrian. Sawatch formation). Ute Pass. El 
Paso County. Colorado. Subrounded quart/ grains and glauconite pellets 
Moating ... a dolomite mosaic: probably a doJomiti/ed calcarenite. Compare 
i k non porous mosaic of anhedr.il dolomite grains at the bottom with porous 
«'Kgregate of dolomite rhombs in upper part of figure. Local ferric oxide stain 
(black). 


1--0AC). In a few limestones only the organic structures have been 
icplaced by dolomite, and in some rocks composed wholly of dolo¬ 
mite they have been replaced by a dolomite mosaic distinct from 
ihat forming the remainder of the rock. 


C.alc ue fossils are occasionally found in fine-grained dolomite, or 
° SSI <asts °ccur where preferential solution has removed the calcitc 
?y. ara ^ on ‘ le in ,lie $ hells and left the dolomite surrounding them. 

•ere such fossils are well preserved and still show the details of 
external form, they were probably entombed in a primary dolomite 
mucl; where they are poorly preserved, there may have been selective 
l , mm/alIon of ll, c matrix (Fig. I20B). Fine-grained calcitc* seems 
,C morc suste P l, ble to dolomiti/ation than coarse-grained, but 
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the factors involved in selective replacement are not fully under¬ 
stood. 

Oolites, like organic materials, are not originally composed of 
dolomite, but many oolitic limestones as well as many fossiliferous 
limestones have been dolomitized. Where the process has gone to 
completion, the oolitic structure either is obliterated or is repre¬ 
sented only by shadowy ovoid forms having neither radial nor con¬ 
centric structure. The replaced oolites then have the general appear¬ 
ance of limestone pellets. Partial dolomitization of oolites is also 
common; the dolomite may selectively replace either the oolites or 
the matrix, or it may partly replace both. 

II complete conversion of calcite to dolomite occurred molecule 
for molecule, by substitution of magnesium carbonate for part of 
the calcium carbonate, it would cause a reduction in volume 
of about 12 percent, and hence an increase in porosity. Petrographic 
examination commonly indicates, however, that little if any change 
in volume accompanies the change. Dolomite euhedra in limestone 
are usually in close contact with surrounding calcite, and many 
mi( restructures, such as oolites and fossils, have been replaced by 
dolomite without over-all distortion or production of porosity. This 
suggests that dolomitization is usually a volume-for-volume replace¬ 
ment. Nevertheless, some dolomite mosaics do contain pores possi¬ 
bly produced by dolomitization (Fig. 121C), and the experience of 
most petroleum geologists dealing with carbonate rocks shows that 
dolomites tend to be porous reservoirs more often than limestones. 

Replacement of calcite and aragonite by dolomite is so evident 
and widespread that most geologists overlook the possibility of the 
opposite reaction. Dolomite is not always the last of the authigenic 
carbonate minerals to form. Not only do veinlets of calcite cut 
through many dolomites, but late calcite replacing dolomite is ir¬ 
regularly distributed through some carbonate rocks, the calcite 
embaying and transecting individual dolomite crystals. The evidence 
of this process is easily overlooked, however, because the secondary 
calcite is always anhedral. In the laminated calc-dolomite of Figure 
119B, for example, the features may be interpreted as indicating re¬ 
placement of dolomite by calcite just as reasonably as the reverse. 

A third possibility must also be borne in mind—namely, that sec¬ 
ondary dolomite and calcite may form simultaneously during recrys¬ 
tallization of a limestone. This process would be expected to produce 
coarser-grained mosaics, in which dolomite would tend to be idio- 
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morphic against calcitc simply because of its greater power of crystal¬ 
lization. 


Authigenic Silicates in Carbonate Rocks 

Various accessory silicate minerals often found in limestones and 
dolomites have been referred to in the foregoing descriptions. Opal, 
chalcedony, quartz, feldspar, glauconite, and illite are the most com¬ 
mon. Some of these are detrital; others, of greater interest, are 
authigenic (Fig. 122). 

First consider authigenic quartz. In some limestones the quartz 
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figure 122. Authigenic Silica and Silicates in Limestone 

A. Chalcedony in Cretaceous limestone, Guadalupe Mountains, Cochise County. 
Arizona. Dinm. 3 mm. Fragments of oyster shells embedded in a matrix of 
mixed sand. clay, and microcrystallinc calcite. Fibrous calcitc of shells par¬ 
tially replaced along the margins by chalcedony (clear, with fine lines). This 
may be related to the weathered surface. 

B. Authigenic albitc in Ordovician limestone, Glens Falls, New York. Diam. 2 
mm. Clastic limestone, consisting of cryptocrystalline calcite pellets (dark 
stippling) and coarse calcite crinoid fragments (upper half), cemented with 
very fine-grained clear calcite. Four authigenic albite euhedra (blank except 
for cleavage) replace the calcite. For published description see Geol. Soc. 
Am.. Hull., vol. 40. 1929, pp. 463-468. 

C. Authigenic quart; in fusulinal limestone (Upper Pennsylvanian, Naco for¬ 
mation). Portal. Cochise County, Arizona. Diam. 2.5 mm. Dark microcrystal¬ 
line test!, of Triticiles infilled and cemented with clearer fine-grained calcite. 
Euhedra I quartz prisms containing minute calcite inclusions replace both 
tests and matrix. 
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forms euhedral crystals replacing calcite. The crystals may have 
detrital cores, to which have been added euhedral rims crowded 
with minute carbonate inclusions, or they may be entirely authigenic 
and have the form of slender doubly terminated prisms. This elon¬ 
gate prismatic habit generally develops in quartz crystals formed at 
low temperatures, and it is especially typical of those formed authi- 
genically in limestones. The quartz prisms are usually filled with tiny 
calcite inclusions, often zonally arranged. Authigenic quartz is never 
abundant, but a few crystals are to be found in most limestones. 
They develop without any preferred orientation, and mostly in 
fine-grained rather than coarse-grained calcite. Their origin by re¬ 
placement is indicated not only by calcite inclusions but also by the 
growth of many of them across carbonate structures such as oolites 
and across bits of organic material (Fig. 122C). In some carbonate 
rocks, however, quartz seems to be unstable, for detrital grains of it 
may be corroded and marginally replaced. This reaction is particu¬ 
larly common in dolomites, and quartz euhedra, too, are less com¬ 
mon in dolomites than in limestones, though whether they fail to 
develop there as commonly as they do in limestones or are de¬ 
stroyed during dolomitization is uncertain. 

Authigenic feldspars have been found in many limestones, but 
they arc much less common than authigenic quartz (Fig. 122B). 
They invariably consist of orthoclase or pure albite, the latter being 
the more abundant. The crystals are euhedral or nearly so and per¬ 
fectly clear, and usually they develop a thick tabular habit in which 
only the simpler forms are present—{001}, {010}, {lOl}, {110}, 
{llO}. Albite crystals are generally twinned on the albite law, al¬ 
though because of their very small size they may appear to be 
untwinned or simply twinned. Unlike quartz, all of the authigenic 
feldspars are free from inclusions. They as well as quartz appear to 
develop most readily in the fine-grained portions of limestones. 

I he argillaceous material in limestones and dolomites is pre¬ 
sumed to be a detrital admixture. But the clay mineral found in 
limestones is so often illite that one must assume a general tendency 
for this mineral to develop from detrital clays during diagenesis. 




Miscellaneous Sedimentary 
Rocks 


The vast majority of sedimentary rocks are conglomeratic, sandy, 
clayey, or limy, and thorough understanding of these alone is back¬ 
ground enough for examination of many sedimentary terranes. But 
some important sedimentary components, usually found as minor 
constituents in these rocks, become concentrated locally to consti¬ 
tute the chief ingredients of such deposits as cherts, ironstones, phos¬ 
phorites, and evaporites, and of such carbonaceous or bituminous 
sediments as the sapropelic muds (p. 260), oil shales, and coal. Some 
of these rocks are economically important; all are significant as litho- 
lacies originating within particular environments. This chapter 
deals with cherts, ironstones, phosphorites, anhydrite, and gypsum. 
The more soluble saline deposits and the carbonaceous and bitumi¬ 
nous sediments arc omitted from discussion, mainly because their 
study generally involves techniques and training that are beyond 
the scope of this book. 


Siliceous Sediments 

Next to sandy, clayey, and limy sediments, probably the most abun¬ 
dant are those composed largely of authigenic silica—amorphous, 
cryptocrystalline, or microcrystalline. 

Opal is amorphous silica containing water in amounts up to about 
10 percent. When examined by X-rays, it usually produces a faint 
cristobalite pattern, and perhaps it sometimes includes some of that 
mineral. It is sensibly isotropic in polarized light. Its refractive index 
varies with the water content, but it is always very low and gives the 
mineral a strong negative relief in thin sections. Because opal is 
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metastable and in time tends to crystallize, it is scarcer in older rock, 
han either chalcedony or cryptocrystalline quartz, but it is common 
m Tertiary and younger sediments. 

In some old siliceous sediments another amorphous form of silica 
eTaUs 3 harder^’ ^ypmcrystaHine quartz, has been reported. This min-' 
15 7-1 w , T 1 ' and HaS 3 much h, § her refractive index 

Cvm'o T a "f 15 S3,d ‘° C ° main mUch ,ess water than opal, 
viewed unT t! ? PCarS l ° be minUte 'y s peckled when 
grains of or"! " ^ h probab, y eonsists of minute 

Snta nfne few h S f ° me " meS appears to into isotropic silica 

containing few birefringen, grams, and sometimes, on the other 

‘ "Ivh ; ea !f gra " 1 S ' Ze k paSSCS into microcrystalline quartz 

ire exceed 7 a , gra , mS C3n ^ ""*«**■ If quartz grains 
e exceeding y small, they produce a wavy extinction suggesting a 

microfibrous habit, though the same effect may result frfm super 

position of several small grains. In somewhat coarser aggregates d>e 

grains tend to extinguish sharply in one position. ? 

Chalcedony, as revealed by X-ray analysis, is largely composed of 
microfibrous quartz, but it probably includes some amorphous silica 
and perhaps other impurities, for its refractive indices (1.53-1.54) 
are sensibly lower than those of quartz. Chalcedony fibers usually 
have negative elongation, indicating that the quartz is elongated 
normal to its c axis, but some do not. Those with positive elongation 
are called quartune, and those having inclined extinction with fibers 
seemingly elongated about 30° to the c axis are called lutecite. In 
common usage the term “chalcedony" refers to all of these, for they 
often occur together. The fibers of chalcedony may lie parallel where 
they have grown normal to a single surface, such as the wall of a 
cavity, but they often radiate from a center. In thin sections cut more 

granular 3 " 0 ” ^ fiberS ’ h ° WeVer ' chalcedon y may appear to be 


A form of silica sometimes formed by replacement of carbonate 
looks, under low magnification, like coarse-grained clouded quartz 
that extinguishes uniformly over considerable areas. Under higher 
magnification, however, it is seen to have a very fine parallel or mesh 
structure, somewhat like that of microperthitic feldspar, with nega¬ 
tive elongation parallel to the predominant internal structure. It is 
probably chalcedony in which the fibers have nearly perfect parallel 
orientation or occur in criss-crossing sheaves. 

The nomenclature of siliceous sediments is not entirely standard- 
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ized. Among most English-speaking geologists chert is a general name 
for very compact sediments composed of opal, chalcedony, and cryp¬ 
tocrystalline or microcrystalline quartz, or a mixture of these con¬ 
stituents. It may have any color and undoubtedly originates in a 
number of ways. The term flint refers to a tough variety of chert 
having conchoidal fracture and gray or black color. It is composed of 
chalcedony or cryptocrystallinc quartz, but does not contain opal, 
and usually occurs as nodules in chalk and limestone. Jasper is red 
or brown chert, made up of cryptocrystalline quartz colored by ferric 
oxides. Novaculite is a term applied originally to rocks suitable for 
whetstones and, in America, to a certain white chert found in Arkan¬ 
sas, but it is now sometimes applied also to other very tough even¬ 
grained cherts composed of cryptocrystalline and microgranular 
quartz; many of them are nearly pure silica, though some contain 
carbonate and other impurities. Porcellanite • is a term widely ap¬ 
plied in America to impure, usually opaline chert having the texture 
and luster of unglazed porcelain. This appearance is due to large 
amounts of both argillaceous and carbonate impurities, the former 
being apparently the more common. Porccllanitcs are somewhat less 
dense than cherts and are probably microporous. Some of them, like 
those in the Monterey formation of California or the Mowry forma¬ 
tion in the Black Hills, arc simply very siliceous shales. 

II opaline organic remains such as sponge spicules and the tests 
of diatoms and Radiolaria accumulate in abundance undiluted by 
other sediment, they give rise to deposits of nearly pure silica: more 
often, however, the deposits arc impure. Unconsolidated accumula¬ 
tions of diatoms are called diatomaceous earth, whose consolidated 
equivalent is diatornite. Similarly, radiolarian earth anti radiolarite 
refer respectively to incoherent and consolidated accumulations of 
radiolarian tests. Deposits consisting largely of sponge spicules are 
also numerous; these have been called spiculites , although the term 
is not widely used. 

Trench petrographers. following Cayeux, use the term "chert" for 
compact siliceous rocks containing abundant sponge spicules; their 
terms silexite' and “pthanite" are nearly synonymous with the word 
chert" as used in England and America. 

Cherts and porcellanites often occur as extensive very thin beds, 
usually interstratified with shale or marl. Some are ferruginous or 


• 1 he term was originally derived from the Italian word "porccllana" 
I'om the English word "|>orcclain." 


rather than 
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manganiferous They were probably formed, in part, by periodic 
deposition of silica gel in areas of accumulating muds, and !n part 
bychagencs.s. Distinct from the bedded chert! are those found as' 

dolomhe\Tvh eS ' T n ° dUleS ' and thin lenSCS in lim «t°nes and 
dolomites. Where these are concentrated within certain stratigraphic 

horizons over very wide areas, some of them may have formfd Rap¬ 
idly as gelatinous precipitates on the sea floor, almost contemporane- 
ous y with carbonate deposition, but some may have been produced 
by rep'acemem of limestone or dolomite very shortly after deposi- 
on. Some chert masses in limestone, however, cross-cut the bed¬ 
ding and are clearly replacements formed after lithification of the 
carbonate rocks. 


The origin of most siliceous sediments is debatable. Silica, al¬ 
though notable for its very slight solubility in water at low tempera- 
tures, is nevertheless dissolved in appreciable quantities in most 
rivers. Sea water, on the contrary, generally contains much less, so 
that most of the silica carried to the sea by streams must be precipi¬ 
tated. Much of this silica is probably in solution as a colloid and is 
precipitated by the electrolytes in sea water. Some of it is used in 
the siliceous tests of organisms such as diatoms and Radiolaria and 
some ,s precipitated inorganically. I, therefore seems likely that 
silica, precipitated in one form or another, is being and has been 
deposited more or less continuously with the finer detrital sediments 
accumulating in the oceans. But the basic questions concerning the 
ongm of the siliceous sediments are these: What are the sources of 
the vast amount of soluble silica contained in siliceous sediments, 
and how has the silica become as concentrated as it is in the purest 
of these deposits? Unfortunately, these are questions that cannot 
often be answered in a satisfactory manner. 

Some dissolved silica results from decomposition of silicates by 
weathering. The amount produced in this way is greatest if decom¬ 
position takes place in regions of low relief and tropical or subtropi¬ 
cal climate, as, for example, during the formation of laterites; and it 
has often been suggested that very siliceous marine sediments were' 
laid down when and where such conditions prevailed on the neigh¬ 
boring shores. Doubtless some of the silica dissolved in surface wa¬ 
ters is also of volcanic origin, and many widespread bedded cherts 
and siliceous shales, and also diatomites and radiolarites, have been 
formed during periods of volcanism. Volcanic silica may be added to 
the surface waters directly by siliceous emanations. Some of this may 



MISCELLANEOUS SEDIMENTARY ROCKS 36 1 

then be chemically precipitated to form cherts, such as those inti¬ 
mately interstratified with spilitic lavas, and some may be used to 
produce the tests of a flourishing organic population. Volcanic silica 
may also be freed and put into solution indirectly and more slowly 
by the submarine alteration of vitric ash. The ultimate source of the 
sthca in the opaline skeletons of marine organisms is in doubt, but 
the silica of some marine deposits rich in these organisms has ap¬ 
parently been partly dissolved in the process of diagenesis and rede 
posited in a more compact and concentrated form. 

Bedded Cherts and Porcellanites 

1 hese deposits include all gradations between rocks in which the 
silica is entirely amorphous and rocks in which it is largely, if not 
entirely, chalcedony or microgranular quartz. Microscopic observa¬ 
tions commonly indicate that much original opal has recrystal I ized 
10 chalcedony or quartz, a change that is to be expected in view of 
the lesser stability of opal. Hence opal is much less common in old 
bedded cherts and jaspers than in younger ones, such as the Miocene 
cherts of California. 

Opaline cherts are compact hard rocks, and usually contain more 
than about 80 percent silica, largely in the form of opal. In thin 
sections, because of strong negative relief and the presence of in 
numerable minute impurities, the opaline portions of these rocks 
are usually rather dark-colored and sensibly isotropic, though they 
do con,a in scattered specks and patches of birefringent material. The 
portions composed of chalcedony and cryptocrystalline quartz, on 
the other hand, tend to be clear and colorless (Fig. I23B). Thin ir¬ 
regular laminae that contain these colorless minerals in different 
proportions are responsible for the finely banded appearance of hand 
specimens of many opaline cherts (Fig. 124B). Contacts of the crys¬ 
talline and opaline laminae are generally irregular in detail, but 
are roughly parallel to the bedding. Chalcedony and microgranular 
quartz arc also to be found in sharp walled vcinlets probably formed 
•>y fillings of open cracks. 

As impurities increase relative to silica, opaline cherts grade into 
porcellanites. These are usually less dense and are predominantly 
composed of opal, with or without crystalline forms of silica. Some 
are crowded with minute carbonate grains, whose high birefringence 
gives them a sparkling appearance recognizable under crossed nicols 
K ig. 124B); in others the impurities consist of fine argillaceous detri- 
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Figure 121. Chens 


A. Cherty portion of Madison limestone (Mississippian). Bear River Range, 
northern l tah. Diam. 2.5 mm. Dolomite rhombohedra and sporadic grains of 
clastic quart/ (blank and irregular) set in a matrix of cryptocrystalline silica. 
Chert bands ike that in center parallel the bedding and alternate with others. 
hk< that at bottom, composed almost entirely of dolomite. Opaque lamina 
in dolomite is probably organic material. Secondary veinlct of chalcedony. 


B. Foraminiferal chert (Upper Miocene. Mcl.urc formation). Reef Ridge. Cali¬ 
fornia. Diam. 2 mm. In lower half, well-preserved calcite tests, infilled partly 
with coarse calcite (two cleavages) and partly with chalcedony (blank), are 
set in a matrix of opal (stippled). In upper half, matrix is clear chalcedony 
(blank), and calcite tests (without distinct outlines) have been largely re¬ 
placed by chalcedony. 


C. Chert in Hcldcrbcrg limestone (Devonian). Genesee County. New York. 
Diam. 2.5 mm. An irregular patch of uniformly oriented calcite (dark stip¬ 
pling plus cleavage) is enclosed and seemingly replaced by cryptocrystallinc 
quartz (light stippling). Dolomite euhedra. some of which are zoned, are 
scattered through both chert and calcite. 


lus more or less uniformly scattered through the rock. Small angular 
chips of quartz and Hakes of mica are common in many of these 
rocks, and iheir preferred orientation serves to outline the bedding 
planes (Fig. I24C). In porcellanites. as in cherts, the portions com¬ 
posed of chalcedony or quartz tend to be clear, as though conversion 
from opal to crystalline silica had somehow cleansed the rock of 
impurities (Fig. 124B). 

Microfossils are common in bedded opaline cherts and porcella- 
nites. Diatoms, Radiolaria, and sponge spicules, being composed of 
opal essentially similar to that of the opaline matrix, are scarcely 
recognizable except in very impure rocks or in places where opal has 
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Figure 124. Bedded Chert and Porcellaniie 

A. Radiolarian chert (Franciscan foim.ition). Matin County, California. Diam. 
I nun. CryptocryMalline quart/ reddened with hematite dust (stippled) en¬ 
closes numerous poorly preserved radiolarian tests ami elongate spicules. 
Icsts and spicules are replaced by coarser clear chalcedony (blank). Criss¬ 
crossing vcinlets of dear chalcedony and microcryst.dline quart/. 

B. Calcareous porcellaniie (Miocene, Monterey formation), Berkeley Hills, Cali¬ 
fornia. Diam. I mm. Bulk of the specimen is dark opal, shot through with 
minute carbonate grains (heavily stippled); this is streaked with tiny lenses 
mid laminae of clear microcrystalline or microfihrous quart/ containing but 

few granules of carbonate (lightly stippled). ..nifera infilled with coarse 

calcitc are found in opaline portions only. I lie lock is transected by vein- 
lets of coarse calcite or chalcedony (blank); one larger veinlet (at left) has 
tuns of opal (clear) and a center of calcite. 

C. Silty porcellaniie (Miocene, Monterey formation), Monterey, California. 
Diam. I mm. A mixture of silt, clay, forami nifera I tests, and opal. The matrix 
ls »pal darkened with argillaceous material (stippled). Scattered throughout 
me small fragments of quart/ and feldspar (clear), flakes ol mica (lined), and 
<mbonaccous streaks (black). Silt particles are crudely aligned along bedding 
planes. Calcite tests of Foraminifera are infilled with either calcite or chal- 
cedony, the latter shown in the large test at upper right. 

not filled the cavities in the tests. Some ol the fossils are marked by 
illings of c lear chalcedony in the pores of their skele tons. Calcareous 
in 11 rofossils are more easily recognized and are locally abundant, 
-avities in their tests may be filled either with coarse calcite or with 
C cai ( balcedony. Where the fossils are embedded in opal, they tend 
to be well preserved, but where they are surrounded by clinic edonic 
<>r niKro granular quartz, many of the carbonate shells arc replaced 
•'"<1 much of the organic detail is lost d ig. 1231$). This also suggests 
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that opal is the form in which the silica was originally laid down, 
and that the crystalline phases result from diagenetic alteration. 

The older bedded cherts and siliceous shales are made up pre¬ 
dominantly of very finely crystalline silica. Rarely do they contain 
opal. Among them are some of the purest of all cherts, consisting 
of even-grained aggregates of microgranular quartz often transected 
by clear veinlets of chalcedony and coarser quartz. Others contain 
dark impure laminae, or are somewhat turbid throughout because 
of scattered opaque particles. By far the most interesting are those 
containing microfossils, the remains of Radiolaria and sponge spic¬ 
ules being most common. These organic cherts usually consist of 
dusky cryptocrystalline or microcrystalline quartz, in which the 
Radiolaria and spicules are represented by limpid patches of chal¬ 
cedony or quartz (Fig. 124A). Sometimes the outlines of the fossils 
are very well preserved, especially where the matrix is exceedingly 
fine or isotropic, but in most of these cherts the organic remains 
have lost their detail through recrystallization of the matrix, and 
many are no more than vague clear spots. 

Chert in Calcareous Rocks 

Chert nodules in limestones and dolomites are exceedingly wide¬ 
spread. Most of them are elongated parallel to the stratification 
planes and are concentrated within certain zones or along particular 
bedding surfaces. Where they are especially numerous, they may 
coalesce to form thin irregular beds. In some limestones and dolo¬ 
mites, however, the chert is more definitely bedded, and in others it 
is much more irregular in form and distribution. 

Most cherts in limestones and dolomites are largely composed of 
chalcedony and cryptocrystalline quartz. Even the purest of them 
usually contains a little calcite or dolomite, either as scattered crys¬ 
tals or as small irregular aggregates. Less pure types arc rocks of 
porcellanous aspect, consisting of intimate mixtures of spongy chert 
and carbonate. 

Contacts between chert and carbonate rock are irregular in detail 
(Fig. 123AC). The margins of chert nodules and masses may appear 
very smooth in hand specimens; in thin sections, however, one sees 
intimate penetrations of chert into carbonate rock, and the marginal 
parts of the chert are commonly clouded by inclusions of carbonate. 
These relationships suggest a replacement origin for at least the mar- 
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ginal chert, and still more convincing evidence is afforded by the pres¬ 
ence of typically calcareous textures preserved in chert. Many of these 
are organic, consisting of shells replaced by silica. Others are inor¬ 
ganic, such as oolitic textures or the clastic textures of calcaremtcs. 
“Floating” grains of detrital quartz inherited from original clastic 
limestone occur in some cherts (Fig. 123A). They are much larger 
than the crystals composing the chert, and those that were authi- 
genically enlarged in the limestone before the chert was formed 
have euhedral outlines and usually include numerous specks of 
carbonate. 

Cavities present in rocks at the time of silicification are normally 
lined with chalcedony, in which the fibers stand normal to the cavity 
walls and serve to outline the original voids. The fillings may be 
composed entirely of chalcedony, but more commonly the central 
portions are occupied by quartz which is finely granular but coarser 
than that usually formed by replacement. 

Idiomorphic rhombohedra of carbonate are common in cherts 
associated with calcareous rocks (Fig. I23AC). Usually the rhombs 
consist of dolomite, but perfect euhedra of calcite have also been 
reported by Cayeux. In a limestone that originally contained scat¬ 
tered rhombohedra of dolomite, selective replacement of calcite by 
chert might leave the dolomite crystals ■■floating" in the chert. This 
explanation cannot apply, however, where no dolomite euhedra 
were present in the limestone: nor can it explain how calcite eu¬ 
hedra are sometimes included in chert. In many places dolomitiza- 
tion and chertification seem to be related and were perhaps con¬ 
temporaneous. for dolomite euhedra are found not only in the chert 
but in the immediately adjacent limestone. 


Iron-rich Sediments 

I he presence of iron is particularly evident in rocks colored brown 
or red with ferric oxides. Unfortunately, some red rocks are called 
ferruginous even though they contain no more iron than others of 
less striking hue: the fact is that red color indicates the state of 
oxidation and combination of the iron rather than its abundance. 
What arc properly termed iron-rich sediments contain iron in more 
than usual amounts. Some are red or brown, but others are buff, 
green, or black. I hey include glauconite-rich strata, and also iron- 
stones, which are sedimentary iron ores composed of siderite, chain- 
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osite, and ferric oxides. Iron is also contained, of course, in many 
other sedimentary minerals, among which are pyrite, marcasite, mag¬ 
netite, greenalite, and thuringite. A thorough description of these 
iron-rich sediments would be much too lengthy for this book; we 
must be content to describe only the commonest types, most of 
which are of shallow marine origin and are interbedded with normal 
sandy, clayey, and calcareous strata. 

Glauconitic Rocks 

Glauconite is a hydrous potassium aluminum silicate containing 
both ferrous and ferric iron and some magnesium. It is a typically 
sedimentary mineral, formed by marine authigenesis, and is usually 
found as green sand-size pellets, which are microcrystalline and 
have low aggregate birefringence (Figs. 125 and 126). Fresh glau¬ 
conite pellets are bright green, but oxidation to brown limonitic 
aggregates and leaching to gTay kaolin-like aggregates proceed rap¬ 
idly where the mineral is exposed to weathering. As a detrital min¬ 
eral exposed to subaerial weathering, therefore, it is unstable. 

I he green color of the mineral is one of its more distinctive prop¬ 
erties, although color alone does not distinguish it from some other 
iron-bearing silicates, such as chamosite, gTeenalite, and some illite. 

A deposit containing abundant glauconite is green throughout. The 
most typical glauconitic rock is greensand, which consists largely of 
glauconite pellets. There are all gradations from greensand to sand¬ 
stones, mudstones, shales, and limestones in which glauconite is but 
a minor constituent. 

Although the pellets are highly characteristic, glauconite is struc¬ 
turally a mica. When very fine it often forms the green pigment in 
some marine clays, but its micaceous character is most often seen 
when large authigenic crystals are formed by recrystallization of 
microgranular pellets. These crystals resemble green mica, though 
they have only moderate birefringence and faint pleochroism, but 
their outlines remain more or less ovoid. Some are vermicular, ac¬ 
cordion-like grains elongated normal to the cleavage, a form that 
would scarcely survive appreciable transportation and must there¬ 
fore develop in place (Figs. 125B and 126C). An intermediate stage 
in the recrystallization of microgranular pellets shows patches and 
ragged flakes of micaceous glauconite within the microgranular 
material. 

Glauconite is forming at the present time on some parts of the sea 
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Figure 125. Glauconitic Sediments 

A Glauconitic foraminifcral limestone. l-follvbmh Hill. Malvern. England 
Di.tin. 2 min. Pellet* of gl.iuconite (d.uk stippling), subroundcd quart/ grains 
(blank), and inicrocrysialline foramimfcr.d li sts float m a mosaic of granular 
(alcue (light stippling). | n the matrix, numerous dark calcite pellets (med- 
""" stippling) art kt rnels within < alt itc crystals, with whit h they are optic ally 
continuous. I lie rock is probably a ie<isstalli/cd calc.ucnue. 

H. Calcareous greensand (Oligocene). I)umro..n. southern New Zealand. Diam. 
2.5 mm. Very abundant glauconite in the form of inicrocrysialline pellets 
(Iie.1 v\ stippling) and vermicular crystals (heavy stippling plus cleavage), 
cemented with micrmryst illinc t ah itr (light stippling) .Numerous fragments 
of coarse organic calcite (lower hit), lor.immifei.il tests, and angular quart/ 
grams (blank). Note glauconite within tests of For.uninifer.i (center and 
light). I wo zoned triangular grains m lower tight are phospliitk fish teeth. 

(.. I * I roc cue greensand (Wildcat group). Humboldt County. California. Diam. 
“ *’ """ Vrr > Rkinconitic sandy mudstone. Pellets of glauconite and angular 
fine sand ami silt grains composed of quart/ and feldspar (blank) enclosed 
m an argillaceous matrix. Glauconite concentrated in certain laminae (top 
and bottom). .Scanned opaque microconcretions of pvrite 


Hoot where other sediments are accu.mil al in S very slowly or not ai 
all. Ii may lx- a chemiral precipitate. Inn more probably ii develops 
by reconstitution of marine mica-typc clay minerals, and perhaps ol 
bionic, on the sea floor. Its common occurrence as internal casts in the 
shells I Foraminifera (Figs. 1251$ and I2(il$) suggests that organic 
agents may lie involved in its production, and much glauconite lias 
been regarded as consisting of the fecal pellets of scavengers. At 
any rate, it seems to form in rather restricted marine environments. 
''Inch nevertheless have existed often and in many places, chiefly if 
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A. Eocene greensand, 5.200 feet below surface, west of Stockton. California. 
I>.;nn. 2.5 mm. Numerous pellets of yellowish-green glauconite in a green 
argillaceous matrix (stippled), which is probably also glauconitic. Dark gran- 
ules of sidentc or ankerite dispersed through the matrix; also numerous 
larger angular grams of quartz (blank) and a few of feldspar. One forami- 
niferal test filled with glauconite. 


H. Glauconitic nummulitic limestone. Kresscnbcrg. Bavaria. Diam. 2.5 mm. Dark- 
brownish pellets of glauconite partly altered to ferric oxides, angular quartz 
grams, and tests of Foraminifera. all enclosed in finegrained calcite. Note 
glauconite in pores of two Foraminifera (center and bottom). 

C. Cretaceous greensand. Ha/let. New Jersey. Diam. 2.5 mm. Vermicular crys¬ 
tals and microcrystalline pellets of glauconite, in a green argillaceous matrix 
that is probably also glauconitic (stippled). Abundant angular silt and fine 
sand particles (blank) of quartz and feldspar, a phosphate shell fragment 
(center), and scattered small patches of pyrite and limonite (black). 


not exclusively in shallow water where reducing conditions prevail. 

Like any other authigenic mineral, glauconite may he transported 
from its place of origin and incorporated in sediments elsewhere. 
Much pellet glauconite has probably been moved about on the sea 
floor, especially that which is mixed and sorted with detrital sand. 
Because the mineral is readily weathered, it is not likely to survive 
much subaerial erosion, and it seems safe to assume that its occur¬ 


rence indicates a marine environment of deposition. 


Sideritic and Chamositic Ironstones 

Siderite and c hamosite. two minerals rich in ferrous iron, are the 
chief constituents of many ironstones. In some ironstones siderite 
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alone is the iron-bearing mineral; in others the two minerals are to 
be found together; and in a few chamosite alone contains the iron. 
Apparently they have usually been formed in shallow marine waters 
where conditions were not strongly oxidizing. Sideritc is ferrous 
carbonate (FeCO s ). Crystals of it are either colorless or light yellow, 
and may be clear when fresh and large enough to be examined 
individually. They tend to be zoned in shades of yellow and brown 
because of variations in composition. Chamosite is a hydrous alu¬ 
minum silicate of ferrous iron. In individual crystals large enough to 
be distinguished the mineral has a micaceous aspect, but it is usually 
micro- or crypto-crystalline. It is bluish green when fresh, but 
yellowish green when somewhat oxidized. 

Some ironstones contain little besides carbonate minerals. The 
most ferruginous of these are sideritc mudstones, consisting essen¬ 
tially of microgranular or finely granular siderite. They are marine 
and were probably laid down as fine siderite muds, later recrystal- 
lized to more compact aggregates. Sideritic limestones contain mix¬ 
tures of calcite, dolomite, and ankerite with siderite. In these, as 
with dolomite in limestones, siderite may occur as rhombohedra 
scattered throughout the rock or as more or less irregular aggregates. 
Replacement of calcite by sideritc is common and is especially evi¬ 
dent where organic remains have been sideritized; yet unaltered 
calcareous fossils arc sometimes enclosed in a siderite matrix. There 
are all gradations between pure siderite rock and sideritic limestones 
of low iron content. 

Mixtures ol clay and siderite are clay ironstones. They arc essen¬ 
tially mixtures of siderite mud and argillaceous material, deposited 
together either in shallow marine waters or in stagnant lagoons and 
lakes. Some ol these rocks form extensive thin strata, but they occur 
mainly as nodular or lenticular beds in shales of the Coal Measures 
commonly just above coal seams. 

Particularly striking are clay ironstones containing siderite spher- 
ulitcs. The sphcrulites are small (usually about 0.5-1 mm. across) 
and set m a clay matrix. Where they are widely scattered, they are 
‘>1 only scientific interest, but in places they become so abundant 
•is to coalesce and lorm iron-rich deposits, sometimes ol commercial 
value, known as sphaerosiderites (Fig. 128A). Siderite sphcrulites 
!" ‘ lay are apparently produced by diagenesis, probably by recrystal- 
11 /anon ol siderite originally disseminated through the deposit. In 
coal hearing strata they are often found at the base ol an undcrclay. 
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Figure 127. Ironstones 


A. Frodingham ironstone (Lias). Scumhropc. Lincolnshire, England. Diam. 2 
mm. Ovoid l.moni.e ooli.es in a shelly limestone. Oolites are brown, con- 
ccmrically banded, and translucent in il.in section. The matrix is finely 
granular calcic, containing a variety of abraded shell fragments, some of 
" " th arc Kr;un,,ar wine fibrous. Cavities in three shell fragments 
(center and lower part) are filled with green chamosite (stippled). 

B. Northampton sand ironstone (Lias). Corby. Northamptonshire. England. 
Diam. 2 mm. Clastic sideritic limestone containing numerous chamosite oolites 
(stippled lightly) and also fragments of limestone and shell and grains of 
druit.il quart/ (blank). One oolite has quartz nucleus. An abraded phosphate 
shell fragment (stippled) in lower center; two fibrous shell fragments mar- 
ginally replaced by sideritc. 

(.. Northampton sand ironstone (Lias). Irthlingborough. Northamptonshire. 
England. Diam. 2 111 m. Chamosite oolites in a matrix of chamosite mud. 
Both matrix and oolites partly replaced by patches of granular sideritc. 


Sideritc in spherulites either is finely fibrous or forms sector-like 
crystals radially arranged. I he crystals are elongated parallel to the 
c axis, for the brush of high relief is invariably oriented at right 
angles to the plane of the polarizer. Roughly concentric zones within 
the spherulites are frequently made evident by being colored in 
various shades of brown. They are rarely pure iron carbonate, and 
usually contain both magnesium and calcium in minor amounts. 
Most of them are without nuclei, but some have engulfed at ran¬ 
dom particles of silt which apparently were in their path as they 
grew. I he finer clay particles appear to be excluded from most 
spherulites, but clay flakes in the matrix appear to have been shoul- 
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dered aside and crudely oriented by growth of the spherulites (Fig. 
128A). 

Green argillaceous rocks in which the chief constituent is cham- 
osite are called chamosite mudstones. These are usually associated 
with siderite mudstones; the two minerals, in fact, are often inti¬ 
mately intermingled. Most striking of the c hamositic rocks, however, 
are those having oolitic structure. Chamosite oolites invariably have 
a pronounced concentric, or onion-like, structure. The mineral is 
cryptocrystalline, but is so oriented that the direction of the slow 
ray is tangential to the oolite. The aggregate birefringence is low, 
but each oolite produces a well-marked extinction cross under 
crossed nicols. In many oolites there appears to be no nucleus; others 
have developed around large flakes of chamosite or around particles 


A B 

(Carboniferous). Lawrence County, Ohio. Diam. 2.5 mm. 
Siderite spherulites in clay matrix: central /one in most spherulites is dark¬ 
ened with tcrric oxide. Coalescing spherulites meet along nearly plane sur¬ 
faces. and where they are intergrown in aggregates each spherulite has polyg¬ 
onal form. Clay between closely adjacent spherulites tends to be oriented 
with Hakes more or less tangential to spherulite surfaces, producing local ag¬ 
gregate polarization of the matrix. 

B. Sandy ironstone (Eocene), Department of Boyaca. Colombia. Diam. 2.5 mm. 
1 his specimen is from a bed that underlies hematitic ironstones of higher iron 
content. Angular dctrital quartz grains (blank) and siderite-chamosite oolites 
enclosed in a chamosite matrix (stippled). Scattered siderite granules and 
hmonite (black) occur in matrix. One oolite with pronounced concentric 
structure consists almost entirely of chamosite (left), one at the top consists 
entirely of granular siderite, and others contain both minerals. Probably 
granular siderite has replaced chamosite. Note broken oolite in lower right. 


Figure 128. 
Ironstones 
A. Sphacrosiderite 
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of sand, silt, or carbonate. Where oolites are particulary abundant 
7 ™ ay be flattened and distorted as though they had teen plastic’ 
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Ironstones contaunng chamosi.e oolites vary because of differences 
n I e matrix. In some the matrix is chamositic mud, usually con- 
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" ,llC '" 35 US,rous dark br own oolites, the so-called ironshot, 

oxidatitTn f l ° nRinal fCrriC ° xide °° li,es or ,he result of 

oxidation of chamosue oolites by diagenesis (Fig. !27A). 

Hematitic Ironstones 

Sedimentary ironstones in which hematite is the chief iron-bearing 

ar 7 V and in SO,nc P' aces constitute important 

fSfluHanl* m °" g C r mOSt in, P° r,ant occurrences are the Clinton 
S man) iron ores of the Appalachian region an<l the Wabana 
rdov.cian) ore of Newfoundland. Essentially similar deposits, 
ho h young and old, are found in many other parts of the world. 

One type of hematitic ironstone is oolitic. The hematite oolites are 
apparently bu.lt by accretion around nuclei, for they have a well- 
developed and delicate concentric structure. The hematite is micro- 
crystalline and ,s nearly opaque in thin section, so that the internal 
structure of the oolites is not clearly evident unless the section is 
exceedingly thin. On polished surfaces or polished thin sections, 
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Figure 129. Clinton llcm.iiuii Iromtoncs 

A. H email tic fossilifcrous limestone ("fossil ore'), western New York. Diam. 3 
"mi. Kacli shell fragment i> encased l.\ claik red hematite (black), and all are 
cemented by <.d«ite. Note branching hum of bryo/o.m {//rloftou., solidly 

filled with hematite; little rcplac.. of organic calcitc by hematite appears 

in this specimen, hot it is common in some. Matrix in upper part is coarse 
calcite; in lower pan it is <orii|H»scd of fine grained carbonate rhombohedra 
impregnated by heinatiic. 

B. (.hamositic lamina in hem.uitic limestone, western New York. Diam. 3 mm. 
Curved and elongate endues of chamosile (stippled), surrounded by granular 
ctlciie impregnated with hematite. Cam.entiically handed chamosite has 
usually formed around carbonate nuclei (darker stippling), either organic 
fragments or granular pe lle ts. Small angular detrital epiart/ particles (blank) 
are scattered throughout; feerystnlli/cd calcitc shell fiagmcnts at right edge ol 
figure. 

Sandy ooliiie hematite, western New York. Diam. 3 mm. Dark reel hematite 
oohies enclosing detrital «,u..rt/ grains and surrounded by fine ciuariz sand 
impre gnated with l.ngl.t reel hematite. I he oolites have a distinct concentric 
structure not shown lure-. 


however, the concentric layers are clearly visible in reflected light 
because ol their being colored in dillereni shades of dark red and 
blown. I hose oolites do not all consist of hematite alone. Some con- 
,am hitei layered concentric bands of chamosite; indeed, this asso- 
M.uion may be more common than superfic ial examination suggests. 
h*i the tlun layers ol chamosite are usually obscured by the reddish 
hemalite .umind them. 

I he nuclei ol hematite oolites aie usually grains ol sand or silt, 
bns ol shell, oi piec es ol Irac turccl oolites, although some oolites have 
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no apparent nucleus. Most strata composed of oolitic hematite are, in 
fact, clastic deposits, in which the oolites themselves may have been 
mechanically mixed and more or less sorted with other detrital 
and fragmented materials. Where the oolites predominate, they are 
close-packed and usually somewhat flattened parallel to the bedding 
plane. Being disk-shaped rather than spherical, such aggregates have 
an appearance that has caused them to be referred to as flaxseed ore. 

Hematite may impregnate sandstones and silty mudstones as a 
cement. I hese rocks, because of their high quartz content, contain 
less iron than those that are abundantly oolitic, but the two types 
intergrade. Commonly, for example, hematite oolites containing 
nuclei of detrital quartz are scattered through a matrix of hematitic 
sand or silt (Fig. 129C). 

Some hematitic ironstones are essentially bioclastic limestones in 
which hematite has precipitated around each fossil fragment and has 
filled the pores in the skeletal matter (Fig. 129A). Locally hematite 
has replaced the calcareous structures, producing deposits of higher 
than usual iron content. In the Appalachian region, where this type 
of ironstone is common, it is called fossil ore. Siderite occurs in 
some of these hematitic limestones but is not as widespread as calcite. 

Such hematite-rich deposits arc sedimentary lithofacics, generally 
interstratified with other shallow marine deposits. They are usually 
thin, but are persistent and more or less uniform in character. It 
therefore seems probable that they were formed on the sea floor in 
places where certain favorable environmental conditions coexisted. 

In this sense they are primary deposits, whether the hematite is a di¬ 
rect precipitate from sea water or an early diagenetic replacement of 
other materials. The intimate interlaycring of hematite and chamo- 
site (ferric and ferrous minerals respectively) in some oolites suggests 
that the hematite in them is not simply the result of oxidation of 
an earlier mineral such as chamosite. Nor is it related, in these 
rocks, to the weathered surfaces, for hematite is known to persist 
to considerable depths in some iron ores. 

Pyritic Strata 

Although an exhaustive treatment of all possible iron-rich sedi¬ 
ments would be out of place in this book, it is worth mention that 
other facies than those described are known. One of these is charac¬ 
terized by the iron sulphide pyritc. In sediments, pyrite is usually 
formed in stagnant marine waters deoxygenated by bacterial decay 
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of organic material, and it is a common authigenic mineral in 
sapropelic deposits, the very organic black limestones and shales. 
Deposits in which pyrite is very abundant are few, but the fact that 
some of them do occur establishes a sulphide facies among sedimen¬ 
tary ironstones. Many of the pre-Cambrian black slates and associated 
graywackes of the Lake Superior region are abundantly pyritic; in the 
Iron River district in Michigan, for example, some black graphitic 
slates contain as much as 40 percent pyrite. The mineral here is an 
original authigenic constituent, and is disseminated throughout the 
rocks in small crystals that tend to assume a cubic habit. Among the 
Wabana (Ordovician) iron ores in Newfoundland, some graptolitic 
shales contain exceedingly abundant oolitic pyrite. 


Phosphatic Sediments 

Sea water below the surface layers is virtually saturated with trical- 
cium phosphate. It is, of course, an exceedingly dilute solution, yet 
to maintain equilibrium about as much calcium phosphate must be 
deposited in marine sediments as is continuously added to the ocean 
by streams and springs. More calcium phosphate is deposited in 
non-marine sediments. The total amount deposited is very large, 
but most of it is widely scattered as minor constituents in many 
sedimentary rocks. In some strata, however, calcium phosphate is 
cont entrated, forming what are called phosphorites. 

The most common form of sedimentary phosphate is collophane, a 
cryptocrystalline phosphatic substance producing the X-ray pattern 
of apatite. It may consist of any of several varieties of apatite, and 
warrants a separate name because of its distinctive appearance. The 
minuteness of the crystals in collophane. combined with their low 
ire rmgence, makes the rock appear nearly amorphous in thin 
sections. It sometimes shows a faint birefringence and a suggestion 
of mterofibrous structure, but much collophane is sensibly isotropic, 
t is distinguished from other isotropic or nearly isotropic minerals 
< imentary rocks by its high refractive indices (1.59-1X3). Its 

but°M, VariCS ' ^ th , in SeCli ° nS “ may be clcar a " d "early colorless, 

C ° m 7 nl V t iS lrans,ucen . and tinted in shades of brown 

cloud, d V ee P ycolorcd fibrous varieties may be pleochroic. When 

o be ona V ,nCl T" S ' USUa " y ° f or S an >< matter, collophane is likely 
to be opaque and may even be black. 

Rccrystallization during diagenesis produces more coarsely crys- 
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talline varieties of apatite, which can be recognized with greater 
assurance. Francolite and dahlite, for example, have often been 
reported as cavity linings in collophane, as crystalline cements in 
sandstones, and as disseminated crystals in various sediments. 

Phosphates of iron and magnesium, and also calcium phosphates 
other than those belonging to the apatite group, are probably present 
in phosphorites, but they have seldom been reported because they 
are difficult to determine microscopically. 

Much collophane is organic. It is the chief constituent of bones 
and teeth and of some marine shells, especially those of certain 
brachiopods, and as such is widely scattered through many sediments. 

I he fecal residues, also, of many organisms are decidedly phosphatic, 
and this origin has been attributed to many ovoid phosphatic pellets 
in sediments. Like glauconite, organic phosphates become major 
constituents in sediments only where other sedimentary material is 
slowly deposited and relatively scarce. Glauconite and particles of 
organic collophane are, in fact, often associated in greensands (Figs. 
125B and 126C). 

Inorganic collophane, also, is widespread. Many phosphorites, for 
example, consist simply of sand, silt, or clay cemented with collo¬ 
phane. In the most phosphatic of these, usually encountered as 
nodules in mudstones, detrital particles float in a cloudy collophane 
matrix, as if the phosphate, while being precipitated, included a little 
detritus by chance. Perhaps these nodules are akin to the collophane 
nodules now forming by slow chemical accretion on submarine banks 
where detrital accumulation is negligible. Some of them are small, 
but others are large and consist of many thin layers, which vary in 
content of impurities of sand, silt, clay, manganese oxide, and foram- 
inifcral tests. This alternation of layers that vary in purity suggests 
that the collophane was precipitated at a varying rate. Many strata 
called phosphorites are simply beds containing an abundance of 
such nodules, and in many places they are interstratified with 
deposits of non-phosphatic shale, mudstone, sandstone, limestone, 
and chert. 

In some sandy phosphorites there is a collophane cement in the 
interstices between the sand grains. Here the texture is determined 
by the detrital material, and the phosphate is probably precipitated 
during early diagenesis. It is usually colorless and slightly birefrin- 
gent, and each sand grain tends to be rimmed with a thin layer of 
minute fibers standing normal to the grain surface and projecting 
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Figure 130. Phosphate Cement in Sandstone. Otago. New Zealand 

of r Z b Zea,and H rrr a,, ‘' '‘"T’'* ^ 2 in Socle,, 

/«al.iml, / ramachons, vol. 72. pare 3. p. |%, |<M2. 

A ' Sir:: r:',;;;::/ T.;' a,bi,t and ki ~ u - ** •*««.»«^ 

h >). m a .n.crocrysiall.ne cemem of frantolite, Diam. S mn. 

' albhc! Djain!° 0.7 1 "' "'««* "on, quart, and 

c S ssr~ - 

ple«e ,h for P ° t he' ree °« ni * ed if ""“"“‘ton is incom- 

ana,!;/ , ^ '!' 0n bcc ° mc «»*V Rhodes lined with minute 

C <r ystas (Fig. l.tO). When cellophane completely fills the 
po c space m a sand, i, may appear crypto,rysta.line . 1 ,rough,, t 

^“ n ,,s,,ally rcvea,s a ,,iin fib ™ - — d 

Cellophane oolites arc rommon in many phosphorites Thev are 
Rcnera'ly ° v ;° id and have a fine concent,/ layering reviled by 

2.-7hs: 

been termed o / T C n °. COnccn,ric structure. These have 

the concentricallyTaver'ed ' n '° dis,in R» isl > 'hem from 

In hand specimens h °° '!” " nd °" bted 'V forme d by accretion, 
pecimens. however, the two look alike. 
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Figure 131. Phos,,hori.« of .he Permian Phosphor,a Forma.ion 


' nld a 1 ,' T r Ja,lSOn - W > omi "K * n.m. Cellophane 

uem hon 1 a u subanguiar de.ri.al quar.r grains are blank. Frag- 
. . 'I a " d PB°spiia..c shells (some no doub. have been phospha. 

cenfcrV and " ' ° VU ' CS: a Mp of ^ P ,1 “P halc £°P 

cen.cr), and numerous quar.r grains; all cemen.ed .oge.her by cellophane 

B. Pbospha.ie shale Pari,. Idaho. Diam. 3 mm. Cellophane ovules (ligh. *.ip- 

cl 'ar s h “ n,a,r,X C rr tlay (dark ‘"'PP ,in «) c °n.aining numerous 
clear s.lt grams composed of quar.r. Phospha.e ovules are „gl„ly packed 

and somewha. molded .o each o.her. bu, are separa.ed by films of sil.y clay. 

The phosphate .s concen.ra.ed in .wo laminae a. .he .op and bot.om of .he 


C. Phospha.ic limestone. Conda. Idaho. Diam. J mm. Dark brown or opaque 
cellophane (black) forms patches in a mosaic of granular calcite. There is 
a little intergranular phosphatic material in the calcite mosaic. Scattered 
particles of detrital quartz (blank). Cellophane patches arc concentrated in 
two horizontal laminae in upper and lower parts of figure; they are ragged, 
perhaps being collophane pellets partially replaced by calcite. 


Probably much inorganic collophane is an original precipitate, 
but some was certainly formed by diagenetic replacement. Some 
calcareous shells and parts of some limestones, for example, have 
been replaced by collophane, and in some places phosphorites have 
been formed by this process. On the other hand, materials known to 
have been collophane originally, such as bones, teeth, and some 
brachiopod shells, are less commonly replaced. Many of them, scat¬ 
tered through various kinds of sediments, have been infiltrated by 
calcite or silica, but even in Paleozoic rocks they arc generally fairly 
well preserved and the original phosphatic substance remains. 
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in C ool£ Ph ° S| 1 h0r ! teS dCP ° Si,cd in n,arinc "**« contain collophane 
d t™ ?' fragments of bone, phospha.ized shell fragments 

mav ZT m °' der P hos P hori ‘« 0"e or another ofthese 

P d m ‘ nate ,n a cer,ain stratum, but commonly all are mixed 
gether and cemented by precipitated collophane (Fig 13] A ) 
ncreasmg adm.xture of sandy and argillaceous materia, bodices 

Ion la. -Clearly denn.d. while others are-residual; „,e hard 

s=S 


Anhydrite and Gypsum 

Anhydrite (CaSO«) and gypsum {CaSO «2H o\ . • 

be deposifed rst; “ lei,e a " d d °'°™e would" 

.o lime. ! IL™ e , I',”"”” ”**■> '">« lime 

is doubtless for this reason ,h ‘ T| Con,,n,,ousl V 'hanging. It 

reason that the sequence, proportions, and 
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relationships of the salts in evaporites difFer from those that would 
result from simple desiccation of an enclosed body of sea water. In 
most evaporites the final stage of desiccation, at which very soluble 
potassium and magnesium salts such as those at Stassfurt, Germany, 
are deposited, has not been reached; most of the deposits contain 
only anhydrite and gypsum and perhaps halite. 

Chemical investigations of aqueous calcium-sulphate solutions 
indicate that gypsum precipitates below about 42° C., whereas above 
that temperature anhydrite forms. Deposition of anhydrite rather 
than gypsum, however, is favored by high salinity, and therefore 
anhydrite crystallizes at lower temperatures from highly saline than 
irom less saline solutions. One would expect, then, that during 
evaporation of seas and lakes primary gypsum would be succeeded 
by anhydrite as salinity increased. From sea water evaporated at 
about 30° C., perhaps half the dissolved calcium sulphate would 
precipitate first as gypsum and the other half later as anhydrite. But 
although gypsum might thus be expected to occur as a precipitate, 
there is little petrographic evidence that it does. Little if any gyp¬ 
sum is found in evaporites except near the surface, where it has 
usually been formed by hydration and recrystallization of anhydrite. 

A few records of anhydrite pseudomorphs after gypsum testify that 
p'psum sometimes occurs as a primary mineral, but how frequently 
is uncertain. Perhaps, however, the gypsum in some deposits that have 
never been deeply buried is largely original gypsum. 

Evaporites in general, because they are more soluble than other 
rocks, are particularly susceptible to diagenetic changes. Saline de¬ 
posits saturated with concentrated brine, and perhaps subjected to 
fairly high temperature and pressure by deep burial, tend to recrystal¬ 
lize extensively, and in them replacements of one mineral by another 
are to be expected. One of these changes, the conversion of anhydrite 
to gypsum near the surface, is accompanied by such expansion of 
volume that intricate contortion of the beds often results; deep burial 
would be expected to cause the reverse change, from gypsum to 
anhydrite. 

Many deposits of gypsum and anhydrite are intimately associated 
with detrital deposits of mud and sand, and in most evaporite basins 
the deposition of sulphate is preceded and overlapped by the for¬ 
mation of limestones and dolomites. Gypsum and anhydrite also 
replace lithified carbonate rocks and fill cavities in them, and form 
cements in detrital accumulations. Hence, although some anhydrite 
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and gypsum deposits are very pure, one usually finds in them admix¬ 
tures of sand. silt, clay, and carbonates (especially dolomite). Com¬ 
mon minor constituents include magnesite, hematite, carbonaceous 
pigment, pyrite, barite, and celestite. 

Anhydrite is a colorless orthorhombic mineral possessing three 
good cleavages at right angles to each other. Its birefringence is 
moderate, generally producing second- or third order interference- 
tints in thin sections, and its refractive indices are high enough 
(1.57-1.62) to produce moderate relief. Gypsum, on the other hand 
has low refractive indices (I.5S*). very low birefringence, and 
cleavage that is perfect in one direction and imperfect in two others 
not at right angles. 


The textures of anhydrite aggregates are of three general types: 
(I) mosaics of interlocking anhedral grains usually having stumpy 
rectangular halm but sometimes shapeless: (2) aggregates of elon¬ 
gated or bladed crystals with irregular margins, often arranged in 
radiating fan-like groups but somc.imes having sub-parallel orien¬ 
tation: (.3) non-uniform aggregates in which rectangular porphyro- 
blasts or radiating groups of elongated crystals are set in a mosaic of 
anhedral grains. The grain size of all types may vary from fine to 
coarse. Whether all anhydrite fabrics are to be classed as crystallo- 
blast,, ,s uncertain but it seems likely that any anhydrite buried to 
considerable depth has been recrystallized. Figure 132 represents 
several of the commonest textural types. 

Most anhydrite rock contains magnesium carbonate. This is 
chiefly dolomite; magnesite is common, but calcite is relatively rare 
Some dolomite aggregates are enclosed and probably replaced by 
anhyclme (Fig. 132AB), the most striking of these being finelj 
Y anu ar dolomite masses caught between radiating blades of anhy 
ite- In some rocks idiomorphic dolomite rhombohedra (Fig. 1320 
or small, round anhedral grains are scattered through anhydrite 

dldte' C Renl'" S ° me 'T, ^ CnCl ° Sed wi,hin «"*•« crystals of anhy. 

I u. th I dolomite by anhydrite is frequently reported, 

*< the dolomite occurring as scattered euhedra, at least, is probably 
deposited contemporaneously with the anhydrite X 

ferr!c C oxide S anIr y com ™nly accompanied by brick-red 

Posit, T ,« ' 3rC d,SpCrSed throu ghou« some anhydrite de- 

on emo Z ? formed by precipitation of anhydrite 

common v nr eOU y '• * ° f fine daslic debris. More 

commonly prec.paat.on of anhydrite alternated with the influx of 
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Figure 132. Anhydrite 

A, Radial fabric in coarse anliydriic (Permian). Stanton. Germany. Diam. S mm. 

of anll )driie (light stippling plus cleavage) radiating from 
one center in the field and several others outside it. Between anhydrite 
crystals arc microgranular aggregates of dolomite or magnesite. Note very 
irregular margins of anhydrite grains. 

H. Non-uniform fabric in anhydrite (Mississippi). Hants County. Nova Scotia. 
Diam. 3 mm. Finely granular anhydrite, enclosing larger scattered prisms and 
radiating groups of prisms of anhydrite. Irregular patches of granular dolo- 
mite (center) occur throughout the rock and have been partly replaced by 
anhydrite. Local gypsum veinlets and patches (top left and right; shown in 
light dashes) replace anhydrite. 

C. Granoblastic anhydrite (Permian). Eislebcn, Thuringia. Germany. Diam. 3 
mm. Mosaic of stumpy rectangular anhydrite crystals (note right-angle cleav¬ 
age). mediumgrained below and finegrained above, containing scattered 
cuhedra of dolomite (dark stippling). 

detritus, and the deposits consist of thin layers of sand, clay, or marl 
interlatninated with anhydrite. Such deposits grade into a type in 
which Icnticlcs of anhydrite are enclosed by streaky clay. Anhydrite 
is also a minor constituent in many deposits of rock salt. 

At moderate depths where only partial hydration by groundwaters 
has occurred, anhydrite and gypsum are found together. The gypsum 
occurs in irregular patches or veins replacing anhydrite rock (Fig. 

in intricate networks of veinlets replacing single anhydrite 
crystals, or in large porphyroblasts enclosing bits of uniformly ori¬ 
ented anhydrite. 

Nearer the surface, rocks composed w holly of gypsum are common. 

I lie textures of these, even within single specimens, are variable as 



figure 133. Gypsum 
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A. 1 name gypsum (krupcr). Wur,.ember*. Germany. Diam. 3 mm. Uneven 

6 ; <•»* granular gvp.um .hot through with larger tabular 

, Mlt wltkh appear to have been 

p.mly replaced l>\ gypMim. 

It. Pliocenegypeunt. s.,„ M.„un M.unl. (.nil „| Cali|„,„ia. Mexico. Diam. 3 mm. 

Hnc-gra.m... ... I,hr.no gypMtm grain,, enclocing ,.a„crcd 

l.ugir g,p,U", <ry„..l, (porpl„iohl.t,i,> Mam ..I tlti-w are fibrou, anti have 
irregular margins, but some are nearly euliedral (lop). 

C. Argtlla.com gyp,,,,,, ,Silt.tint,,. Monroe County, New York. Diant. 3 nun. 
Granoblutic „„„.„c of ,„e,l„.„, g,.„„. .| „yp,„.„. traversed by lenticular 
treat, of m.caccous day (shoreline pattern, and by two clear gypsum vein- 
lets. Note thar tire boutulatie, „f gyp,urn g,.,i„, base no relation to .lay 
creak,. I be two ve.nlet,. hlle.l by ttovoriented gypsum prism,, trend ap- 
proxtmatcly parallel to the bedding. I be rock i, probably a retry.,alli/ed 
gypsiferous shale. ‘ 


l ' , ’ ,h S,/t ' and ,0,m of S rains - Some fine-grained gypsum beds are 
fibrous mosaics, being aggregates of interlocking anhedral gtains 
, ' o winch appears fibrous and ill-defined under crossed nicols. 

In such fabrics it is almost impossible to trace the boundaries be¬ 
tween the crystals. In some specimens the fibrous mosaic forms a 
matrix enclosmg larger gypsum crystals, which also have a somewhat 

;;; u ' s a f s P etian,l l '' a 'y - u,iin « (F is . mn,. 0^^*,.,.. fahrics 

‘ “n ° f ,ntr,cau| y tnterltxking ecptidimensional at,bed,a that are 

m IT T eX,,, ‘ K,,isl, shar P , y '«'!.«* may be even-grained or 
“ “ ( ? UX,,,rc in alal ’ a >'«>. but more commonly 

they xary markedly m grain si/e (Fig. I33A). Gypsum tba, occurs 
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in veinlets or vein-like lenses, whether parallel to the bedding or 
cutting across it, tends to form prisms or fibers normal to the walls of 
the veins (Fig. 133C). 

Deposits of gypsum, like those of anhydrite, are likely to be im¬ 
pure. Clay, sand, and carbonate admixtures are the most common; 
these are often interlaminated with gypsum or disseminated through 
it in a streaky fashion parallel to the bedding (Fig. 133C). Such 
impurities commonly represent sediments that become mixed with 
a primary calcium-sulphate precipitate that was being deposited in 
a desiccating basin. In many arid regions, however, gypsum tends to 
crystallize later within the soil and in shallow layers of sediment, 
forming fine-grained impure deposits called gypsite. In contrast to 
this material is selenite, which forms large clear crystals. Much 
selenite is deposited in organic shales by groundwaters, and it also 
forms in sands, where it may poikilitically enclose innumerable 
detrital grains. 
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Andalusilc 

alteration of. 182, 208 
in hornfels. 179. 1S2 
in igneous rocks. 136. I 18 
relic. 208 

Andalusilc schist. IS5, 186. 215 
Andesine basalt. 43 
Andesinite. 35 
Andesite. II. 21. 93-97 
basaltic. 42. 43 

contact metamorphism of. 195-196 
Andesite aicnitc. 294. 309 
Angular giains. 281, 282 
Anhedral giains. 16 
Anhydrite. 379-382 
Ankaramitc. 41. 74 
Ankeritc. 333 
Anorthosite. 4. II. 54. 55 
Anthophyllitc. 169, 197. 198. 225. 242, 243 
Antigorite. 210. 211. 224 
Anti-stress minerals. 163. 235 
Apatite in sediments. 375-376. 377 
Aphanitc, 14 

Api'anitic limestone. 347-349 
Aphanitic texture, 14. 277 
Aplitc. 11. 146-148 
Aplitic texture. 17, 18 
Appinitc. 110 
Aqueous deposits, 258 
Aragonite. 333. 336. 558, 339-341. 344. 545, 
546. 348 

Arenaceous rocks, 279 

a«7 
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Arenite, 279, 289-290. 29), 294. 296. 297 
Argillaceous conglomerate, 296 
Argillaceous limestone. 268, 270, 327. 335. 

Argillaceous rocks, 279. 325 
authigenic carbonates in. 325. 327. 332 
carbonaceous material in, 326. 332 
clay minerals in. 327-329 
composition of. 325 

metamorphism of. 179-185, 209. 213-216. 
231-235 

microscopic examination of. 328. 329- 
330. 332 

nomenclature of. 326-327 
petrography of. 329-332 
preferred orientation in, 330-331 
texture of. 330-332 
Argillaceous sandstone. 270, 280. 290 
Argillite. 279, 326 
Arkosc 

characteristics of. 295. )12, )1) 
comparison of. with graywacke. 295 
mineral composition of. 292, 29), 294, 

311. 313-314 

origin of. 255. 295. 310-311 
residual. 311-312 
sorting in. 295. 312. 314 
transported. 313 

Arkosic arenite. 286, 29), 294. 310. )1), 314, 

) 2 ) 

Arkosic graywacke. 294. 314 
Arkosic sandstones. 310-315 
Arkosic wackc. 291-292. 310-314 
Arsoitc, 98 
Artcritc. 165 
Ash, 149 

Assimilation, magmatic. 7. 8 
Atlantic type of igneous rock scries. 10. 11 
Augcn. 201, 203. 204, 207, 235 
Augcn gneiss. 230. 235 
Aureole, contact, 163 
Authigcnesis. 264, 311 
Authigenic minerals. 268. 273 
in argillaceous rocks. 325-326. 327. 329. 

331. 332 

in calcareous rocks, 334. 311. 347. 349. 

350-351. 354. 355-356 
in cements in sandstone. 315, ) 17 . )18 
320. 321-324 
in evaporites. 380-384 
in iron-rich deposits. 366-367. 369-370. 

374. 375 

in phosphatic sediments. 375-376 
in siliceous sediments. 357-358. 362-363. 

365 

Autochthonous limestone. 337. 338-339 
Autoclascic texture. 25. 54 
Autometamorphism. 162 
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Automorphic grains, 16 
Automorphic-granular texture. 17 
Axiolites, 24 

B axis. 216 
B-tectonite. 216 
Bacteria. 253. 263 
Barite 

in schists, 221 

in sediments. )22, 323. )8) 

Barium, concentration of. in leucite-rich 
lavas. 64 

Barth. T F. W., 6. 385 
Basalt. 37-48 
albitc. 43 
andesitic, 42, 43 
olivine. 40. 42 
picrite. 22, 40, 41 
simatic. 4. 38 
subsialic, 4. 38 
textures of. 19, 22, 23. 39 
tholeiitic, 4. 38. 40 
Basanite. 59-62 
analcitc, 59 
leucite. 60. 62 
.nephcline, 60 
Rasanitoid, 59 
Basic granophyre. 131 
Basic hornfels, 180-181, 195. 196, 197 
Basic igneous rocks. 27 
Basic inclusions 
in dacite, 124, 125. 126 
in granite. 142 
in granodiorite. 1)1 

Basic rocks, metamorphisra of. 171, 176. 
195-197, 210, 211, 219-222, 241-243. 
246 

Basic schist. 176 

Bedding, relic, in metamorphic rocks. 168. 

171. 170-179. 236 
Becrbachite. 194 
Beidcllitc, 327 
Bcnthonic organisms. 261 
in limestones. 339 
Bentonite. 157, 327 
Bioclast ic limestone. 337, )42, 374 
Biogenic sediments, 253 
Biohcrm. 338 
Biostrome. 339 
Biotite 

in granulite, 237 
in hornfels. 18 ), 18 ) 
in mica schist. 164. 211, 214. 2)), 2)4 
relic. 208 

Biotitc-chlorite subfacies. 214 
Black. M.. 386 
Black pyritic shale, 326 
Blade-shaped particles. 281 
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in sandstones. 298. 308. 310. 315. 317-318, 
321 , 322-323 


Blastophitic structure. 171. 197 
Blastoporphyritic structure. 171. 186. 19b. 
197 

Blocks, volcanic. 1-19 
Bochin lamellae in quartz. 201 
Bombs. 119 
Borolanite, 120 

Boron in metamorphic rocks. 183. 190, 212. 
237 

Bostonite. 101 
Bostonitic texture. 24 
Boulder. 279 
Bowen. N. I... 6. 17 
Brachiopod limestone. 337. 142 
Brachiopod shells. 340, 376 
Breccia. 280. 281. 296 
volcanic, 149 
Bredigite, 191 
Rrttgger, W.. 30 
Bronzitite, 80. 81 
Brucitc, 189. 190, 191 
Buchilc. 185. 187 

Calc-alkalic series, 10 
Calc-dolomite. 335 
Calc schist 
high-grade. 239 210 
low-grade. 217-218 
Calc-silicate hornfels. 191-194, 195 
Calcarenitc. 317, 312-314. 116. 347 
Calcareous chert. 270 
Calcareous rocks, 175. 333-356 
Calcareous sandstone. 268. 270, 102. 107, 
’09. 310. in. 335. 314 
Calcareous shale. 268. 270. 326. 335 
Calcic scries. 10 
Calcilutitc. 312 
Calcirudite. 342 
Calcitc 

distinction between dolomite and. 217- 
2i8. 333-336 

in calc schists. 217-218. 240 
in magnesian schists. 225 
in marbles. 190, 191, 201 
in sediments, srr Carbonate minerals 
twinning in. 218, 240 
Calcitization of dolomite. 351. 354 
Camptonitc. 85, 89, 90 
Carbonate minerals 
authigenic, 269 

in argillaceous rocks. 325. 327, 332 
in calcareous rocks. 333. 339, 314. 350-551 
in cherts. 361. 162, 363. 365 
in evaporites. 379. 381. 182 
in ironstones. 167, 369-374 
in metamorphic rocks, sre Calcitc. Dolo¬ 
mite 

in phosphatic sediments, 378 


Carbonatite, 85. 90 
Cataclasite. 175. 204, 205 
Cataclastic deformation. 175. 199. 200 
Cataclastic ro^ks. 175. 199-208 
Cataclastic textures. 25. 201. 201-207 
Caycux. L.. 359. 365. 386 
Cedricite, 61 
Cement. 278 

Cement in clastic limestone. 342, 145, 146, 

347. 348 

Cement in sandstone. 289. 321-324 
carbonate. 298. 308. 310. 315. 318. 320. 

321 

hematite, 371 
phosphate. 376-377 
quartz. US. 320 321 

relation of. to composition of host rock, 

321-322 

relation of. to sorting. 278. 298. 312. 321 
sequence of minerals of. 324 
Cementation. 261. 287 
Cephalopod limestone, 142 
Chalcedony. 358. 361. 362. 364. 365 
Chamosite. 366. 368-369. 371-372 
Chainosite mudstone. 371 
Chamositic ironstones. 368-372 
Charnockitc. 218, 239 
Char nock itc scries. 135-137. 238 
Chemical sediments. 253. 259. 270 
Chert. 270, 359 
as allogenic mineral. 269 
detrital grains of. 291. 307 
gradation of. to argillaceous rocks. 327 
in calcareous rocks. 337. 348. 155. 360. 

162. 364-365 

metamorphosed. 221, 222, 228 
nodules of. 359. 360. 364 
opaline. 358-359. 361. 162. 161 
origin of. 360-361. 364-365 
thin bedded. 359. 360. 361-364 
Chert conglomerate. 296 
Chiastolitc. 182 
China clay. 116 
Chinastone tuff. 154 

Chlorite in schists. 161. 211. 2/4. 219, 220, 
221, 224 

Chloritoid. 163. 211. 214. 215 
Chlorophaeitc. 44 
Chondroditc, 190. J9I 

Chromitite. 78. 81 
Ciminite. 98 
Cinders. 152 
Clan, igneous-rock. 35 
Classification of igneous rocks. 25-36 
chemical. 26-30 
clan concept in. 35 
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color in. 33. 34 

mineralogical. 32-35 

mode of occurrence as basis of. 30-31 

normative. 30 

silica content as basis of. 27-29 
texture as basis of. 31-32 
; \ Classification of metamoiphic rocks. 173- 

'-Classification of sedimentary rocks 
by composition. 268-271 
\ by grain si/e. 277. 279-280 
by mode of origin. 253 
b\ rotindness of grain. 281-283 
by texture. 275 
Clastic dolomite. 350 
Clastic giains. 278, 297 
Clastic limestone. 279. 7/7. 337. 341 7/2- 
7/6. 347 

Clastic phosphorite. 379 
Clastic textures. 25. 275. 277-279 
Clay 

aggregates of. 280. 326 

as allogenic constituent in sediments. 

269. 273. 314. 325. 329 
compound particles of. 328. 331 
flocculation of. 328 

genetic classification of deposits of. 327 
grain siic of. 279, 326. 331 
in limestones and dolomites. 333. 348. 
355-356 

origin of. by decomposition of silicates. 
314. 325. 329 
Clay ironstone, 327. 369 
Clay minerals. 327 
classification of. 327 
composition of. 327-328 
diagcnctic changes in. 262. 331 
identification of. 328-331 
origin of. 273. 329. 331 
stability of. 272. 273. 329 
structure of. 328 
Clay shale. 326 
Claystonc. 270. 280. 326. 331 
Cleavage 
false. 213 
flow. 213 
fracture. 213 
slaty. 169, 213 
strain slip. 170. 213. 214 
CHnopyroxenite. 80 
Clino/oisite 

in calc-schists, 279. 240 
in hornfels. 193 
Clinton iron ore. 372-374. 77? 

Coarse-grained igneous rocks. 32 
Cobble. 279 

Collophanc, 270. 322. 333. 375-377 
Colluvial deposits. 258 


Color as basis of rock classification. 33, 34 
Color index. 33 
Compaction. 263. 264. 285, 286 
distortion of mica flakes by. 286, 309, 
311.7/7,314 
in clay and mud. 331 
welding of sand grains by. 264. 287, 315, 
518, 320. 347 

Componcntal movement in rock deforma¬ 
tion. 199-200 

Conglomerate. 280. 283, 296 
composition of. 296 
immature vs. mature, 296 
metamorphosed. 171 
Connate water. 263 
Consolidation. 264 
Continental environment. 258 
Continuous reaction series. 5, fl 
Coquina. 7/7. 344 
Coral. 337. 340. 344. 7 52 
Coralline limestone. 337 
Cordierite. 182. 185. 196, 197, 198, 2)8 
Cordierite anthophyllite subfacies, 172 
Coronas. 20. 21 , 246 
Correns. C. W.. 385 
Corundum 
in anorthosite. 55 
in hornfels. 18), 185 
in igneous rocks. 55, 110, 114 
Crinanite. 69. 70 

Crinoidal limestone. 337, 341, 7 42, 344. ?57 
Cross, hidings. Pirsson. and Washington. 

Crossitc. 227-228 

Cryptocrystalline texture. 14. 277. 358 
Crystal ash and tuff. 149-151. 155. 156 
Crystal boundaries in meiamorphic rocks, 
166-167. 168 
Crystal flotation. 7 
Costal lapilli, 155. 156 
Crystal settling, 7. 41. 42 
Crystalline granular texture. 275-277. 351. 

757 

Crystallinity of igneous rocks. 13 
Crystallites. 13. 14 

Crvstallization. magmatic, order of, 16 
Crvstalliration in chemical sediments. 275- 
276 

Crvstalloblastic deformation. 200 
Costalloblastic fabric. 166. 167 
in sedimentao rocks. 275, 381 
Crystalloblastic scries, 166-167 
Costals. growth of. in solid medium. 16G 
Cumberlandite. 49. 50 
Cummingtonite. 197, 198. 223 
Cumulophvric texture. 19 
Cuspidine, 191 
C vein them. 237 
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Dacite, II. 121. 123-126. 124. 125 

Daly. R. A.. 35 

Deformation 

caiaelastic. 175. 199. 216 
catalytic influence of, 163 
crystalloblastic. 200 . 216 
in metamorphisin, 163. 165. 199-208. 
212-213. 215-217 

of mica in sandstones. 286. 309. 311. >/>. 
314 

of quartz. 200 . 201 
patacrystallinc. 213 
postcrxstalline. 213 
precrystalline. 213 

protoclastic. 25. 54. 130. 131. 203. 204 
Defoimation lamellae in quartz. 200. 217 
Deposition 

ch mical, 253. 348. 319-351. 360. 374. 375. 

376. 378. 379-380 
flocculation of clay in. 328 
in stable environments, 265 
in unstable environments. 266 
mechanical. 253. 257 
producing non clastic texture. 275-276 
Dctrital particles. 268-269 
in sandstones. 291 
of clay. 325. 329 
roundness of. 256 
shape of, 256 
size of. 256 

Dctrital sediment. 253. 270 
argillaceous rocks. 325-332 
sandstones. 289-324 
texture of. 278-279 
Deuteric alteration 
of granite. 144, 145 
of leucite. 61 . 120 
of olivine. 41 
Deuteric minerals. 10 
Devitrification. 15. 156. 157. 308 
Diabase, 37-18. 45. 46. 60 
olivine. 43. 44 
spilitic, 58-60 
texture of. 22. 39. 40. 44 
tholciitic, 22. 45-48 
variolitic, 60 

Diagenesis. 162. 209. 254. 262-264 
in argillaceous rocks. 325-326. 329-331 
in dolomite and limestone. 334. 341. 347. 

349. 351. 352-354 
in evaporitc. 380 

in formation of chert. 360. 361. 262, 364- 
365 

in iron-rich deposits. 366-367. 369-370. 
372. 374 

m phosphatic deposits. 375. 376. 377 
in sandstones. 298-299. 301. 303. 308. 310. 
311 


Diallagite. 80 
Diaschistic dikes, 85 
Diatomaccous earth. 3”»9 
Diatomite. 359. 360 
Diatoms 

in argillaceous rocks. 326 
in siliceous rocks. 359. 360. 362 
Dickitc. 328 
Differentiation 
eolian. 151 
magmatic. 5-7 
metamorphic. 170, 212. 227 
of diabase sill. 46-48 
of olivine basalt. 38 
of tholciitic basalt.-38 
Diffusion in metamorphisin, 200, 213. 217 
Diktvtaxitic texture. 24 
Diopside 

in amphibolite. 213 
in gianulite, 244 
in hot nfels, 192. 197-196 
in marble. 189. 191 
Diopsidite. 80 
Dioritc. 93. 106-111 
contaminated. 110, III 
distinction between gabbro and. 106 
hybrid origin of. 8 
Dioritc porphxry. 108. 109. 179 
Discontinuous reaction scries. 6 
Disequilibrium in metamorphic rocks. 208. 

235. 237 

Disintegration. 255 
Disk-shaped particle. 281 
Dolcritc. 37 
Dolomite. 335. 349-354 
in calcareous sediments. 333, 336. 345. 

350-331 

in chert. > 62 . 365 
in esaporitev 381. 282 
in metamorphic locks, 217-218. 223-225 
mctamoi phism of. 188-190. 217-218 
origin of. 349. 350-351 
porositv in. 351. 354 
textures of. 335. 351-352 
Dolomitic limestone. 349-354 
authigenic silicates in. 355-356 
composition of. 335 
origin of. 349-331. 354 
relation of calcite to dolomite in. 350- 

351 

texture of. 335, 330-351 
Dolomiti/ation. 349-351. 352. 353. 354. 

365 

Dolostonc, 335 
Drewite. 318 
Druses. 21 
Dungannonite. 110 
Diuiiic. 77. 78 
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Dunitc mylonite. 77, 202-203 
Dyscrystallinc. 14 

Echinoderm. 340-341 

Eclogite. 228, 232. 245-247 

Kdogiie facies, 172. 231, 232. 245-247 

Edwards. A. B.. 303 

Ellis. S. J.. 33 

Flvan. 1)9 

Em-iron men i of deposition. 258-262 
I olian differentiation of volcanic ash. 151 
F.piclastic rock. 252-253 
F.pidiorite. 243 

Fpidote minerals in metamorphic rocks 
I6 *- 103. 212. 214. 215. 210. 220. 221 
226. 240. 242 

Equilibrium, chemical, in locks. 161 . 208 
Erg ussiest cine, 30 
F.skola. I*. 385 
Essential ejecta. 140 
Essential minerals. 32 
Essex itc, 66-68 
Etched sand grains. >09, 310 
Etching of carbonates with acids. 336. 345 
Eucritc. 48. 52 
Eucrystalline, 1 1 
Euhedral grains. 16 
Evaporites. 260 . 270. 349. 379-380 
Exsolution intergrowths. 16. 31 
of feldspars. 133 
of iron ores. 44 
of pyroxenes, 44 

Fabric 

igneous. 15-25 
metamorphic. 166-171 
of B tcctonitcs. 216 
of cataclasitcs. 204, 20 ) 
of granulites. 236. 2)7 
of hornfels. 178-179 
of mylonite. 200 . 201 . 202 . 201 
of phyllite. 213 

of phyllonite. 201. 206. 207. 216 
of schists. 206. 215-217 
of slate. 212-213 
sedimentary. 274-288 
Facies 

albitc epidotc amphibolite. 172. 177 181, 
209. 210. 211. 218. 222 
amphibolite. 172. 177. 181. 185-186. 189- 
190. 195. 198. 230-231. 232. 239. 240- 
243. 246 

cclogitc. 172, 228. 231. 232. 215-247 
granulite. 172. 231. 232. 235-236. 239. 
240. 243-244. 246 

grcenschist. 59. 171. 172. 198. 206. 209- 
228. 246 

metamorphic. 171-173 


pyroxene-horn fels. 172. 177. 179. 180, 
189. 190. 195. 198 

“finite, 172. 177. 180, 184. 187. 190- 

False cleavage. 213 
Fault gouge. 201 
Fayalite 

in ferrogabbro. 50 
in trachyte. 98 
Fecal residues 
as glauconite pellets. 367 
as limestone pellets. 348 
phosphatic. 377 
Feldspar 

alkali, definition of. 34 
as^basis of igneous rock classification. 34. 

as dctrital mineral. 291 
authigenic. in limestone. 455-356 
authigenic. in sandstone. 311, )17, 321, 
324 

in arkose. 310-311. 312. 314 
in feldspathic sandstone. 316 
in lithic sandstone. 301-302. 303, 304- 
305. 308 

forphyroblastic. 183, 20 ), 235 
porphyroclastic. 203 
Feldspathic ; renitc. 29), 294. 316 
Feldspathic graywacke. 294. 300 
Feldspathic sandstone. 316 
Feldspathic wacke, 292. 316 
Feldspathoidal lavas 
basic. 59-61 
ultramafic. 81-82 
Feldspathoidal syenite;, 116-120 
Felsic minerals. 33 
Felsic rocks. 34 
Felsophyric texture. 19 
Felted texture. 23 
Fergusite. 72 
Ferric oxide 

in anhydrite and gypsum deposits. 381 
in argillaceous rocks. 325. 326 
in hematitic ironstones. 372 374 
in limonitc oolites. 372 
in red beds. 262. 326, 332. 365 
Ferrogabbro. 48. 30 
Filter-press action in differentiation. 7 
Fine-grained igneous rocks. 32 
Fire clay. 327. 3)0 
Fischer. G.. 289 
Flaser jabbro. 204 
Flascr granite. 204 
Flaxseed ore. 374 
Flint. 359 

metamorphism of. 190-192 
Flotation of crystals. 7 
Flow cleavage. 213 
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Fluorite. 125, 1)9, HI, 188, 194 
Flysch, 267, 303 
Foliation, see Schistosity 
definition of, 169 
Foraminifera 

as criteria of depositional environment. 
261 

glauconite in. 367. 368 
in argillaceous rocks. 326 
in organic limestones. 337. 344 
in sandstones. 310 
in siliceous rocks. 362, 36) 

Foraminifcral limestone. 337. 3)9. )67 
Forellcnstein. 56 

Forsterite in marble. 189. 190. 191 

Fossil ore. 37), 374 

Fossils 

as criteria of environment of deposition. 
261 

as criteria of sedimentary origin. 252 
composition and structure of. HJt, 339- 
341 

dolomitization of. 349. 352-353 
in aphanitic limestone. 349 
in dolomite, 353 
in metamorphic rocks. 179 
in siliceous rocks. 362-364 
recrystallization of. 341 
silicification of. )55 
Fourchite, 85. 91, 92 
Foyaitc. 71, 118. 119 
Fractional crystallization of magmas. 5 
Fracture cleavage. 213 
Fragmental texture. 275. 277-279 
Franciscan formation. 300, 303. )6) 

Fraser. H. J.. 283, 284 
Fugitive, 9 

Gabbro. 11. 18-54 
alkali. 64-72 
biotitc, 54 
diallagc. 51 
hornblende. 53 
normal, 48 
olivine, 49. 50 

quartz, 48. 53. 54: metamorphism of. 162; 
pegmatitic, 54 

texture of. 21, 51 
Gabbro clan. 35. 37-56 
Gabbro mylonitc, 202 
Ganggcstcine. 30 
Gannister, 283 
Garnet 

in metamorphic rocks. 164. 168, 192. 19), 
194, 206, 207. 211. 222. 226. 228. 2)). 
2)4, 235. 24 5. 246 
relic. 173. 207, 208 
Gas streaming in differentiation, 7 
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Gaseous transfer in magmatic differentia¬ 
tion. 5 

Gastropod limestone. 3)9 
Gastropod shells, 3)8, 340 
George. \V. O.. 28 

Geosynclines, sediments in. 267. 295, 299 

Gibbsite. 273 

Glass 

conditions for formation of. 15 
in sediments. 308. 3)4 
refractive index of, as indication of 
silica content, 28 
Glauconite 

as criterion of marine deposition, 262, 
326. 567-368 

association of. with collophanc, 367, 368, 
376 

in calcareous rocks. 334. )5), 355, )67 
in sandstones. 310. 317, 318, 366 
origin of. 262. 366-368 
properties of. 366 
transportation of. 310, 368 
weathering of. 366. 368 
Glauconitic limestone, 367, 368 
Glauconitic mudstone and shale, 326. 366 
Glaucophanc, 210. 211. 226-227. 246 
Claucophanc schist. 209. 225. 226, 227- 
228 

Glomeroporphyritic texture, 19, 42 
Gneiss. 174. 235 
auger.. 20), 235 
injection. 165 
migmatitic, 165, 235 
protoclastic. 25. 54. 130. 131. 203, 204 
Gneissosc structure, 169 
Gouge. 201 

Grade, metamorphic, 164 
Crain size of igneous rocks, 13 
as a basis of classification, 31, 32 
limits of. defined, 14 
Grains in clastic rocks. 278. 297 
preferred orientation of. 287, 288 
roundness of. 280-281, 282 

size of. 279 
sorting of. 256. 280 
sphericity of. 280 - 281 , 282 
Granite. 11. 1)0,1)4, 229 
basic inclusions in. 1)0 
contaminated, 140-142 
deuteric alteration of. 144-145 
minerals of. 133-137 
origin of. 142-144. 165, 167, 229 
textures of, 132. 133, 167 
varieties of. 137-140 
Granite clan. 35. 121-148 
Granite conglomerate. 296 
Granite intrusions in relation to meta 
morphism. 163. 164-165. 229-230 
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Gi anite niylouiic, 201, 202 
Granite porphyry. 1)9, HO 
Granitic texture, 18 

Granitization. 3. 129-131. H0-H2. 103 
164-165. 167. 203. 229-230. 235 
Granoblastic texture. 168. 1 70 174 
182, 383 

Granodiorite. II. 18, 35. 128 
Granodiorite porphyry. 119 
Granophyre. 11.2/, 131. 132. 133. 139 
Granular texture. 17 
Granularity, 13 
Granule. 279 

Grannlite. 171 -175. 235-256 
P'lnsrnr. 168, 213 211 

qii.iilm-frldspaihit. 2.'»6 2 : 7 

1 •ranuliie facies. |72. 231 23'’ 

239-240. 243-244. 246 
Granulitic fabric, 236. 2*7 
Graphic granite, 132. 133 
Graphic texture. 20 
Graton, I.. C!.. 283. 284 
Gravel. 279. 280 
Graywacke. 293, 297-303 
comparison of. with nrkose. 295 
comparison of. with wacke. 298 299 
distinction of. from arenite. 297 
Grccnalitc, 366 
Greensand. 366, 16 7. )6S 
Grccnschist. 219, 220, 221 222 
Grcenschist facies, 59, 171. 172. 198, Jj 
209-228. 246 
(.rcisen. HI, 146 
Grit. 283 

Groruditc, 100, 128 
Gruhenmann, U., 386 
Gypsitc, 384 

Gypsum, 379-380. 382-384 

Halite. 379-380 
Ilalloysitc, 328 
Halmyrolysis, 262 
"Hard rock" phosphate, 379 
Marker, A.. 385-386 
Harzburgitc, 78 
Hatch. F. H., 385-386 
Hauynophyre. 62 
Hclmbold. R.. 300 
Hematite-quartz schist. 222 
llcmatitic ironstones. 372-374 
Hematitic limestone. >71 
llcmatitic sandstone. 171 
Holmes, A.. 385 
Holocrystallinc. 13 
Holofelsic. 34 
llolohyaline. 13 
Homhlende 

in ainpliilKiliies. 222. 211. 212, 243 
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in granuliles, 237. 214 
Hornblendite, 79 
Horn fe Is. 174. 177-198 
amphibolite. 195-197 
basic. 180-181. 195. 196, 197 
calcic. 180-181. 188-191 
calc-silicate. 188. 191-194. 195 
dolomitic. 180-181. 188-191 
fabric of. 170. 174 
field occurrence of. 177-178 
magnesian. 180-181. 197-198 
mineral assemblages of. 179. 180-181 
politic. 179. 180-181. 182-185 
quart/o feldspar hie. 180 -IRI, /Kt , 

• 187 

Hoinfelsic fabric. 171. 178 
Humite minerals in marble. 189. 1-0, |p| 
Hvalo<lacite. 124 
Hyaloophitic texture. 20 . 22 
Hyalopilitic texture. 22. 21 
Hybrids, igneous. 8. 107. 110. 126. 132. 136 
Hydatogcnctic minerals. 9 
Hydraulic limestone. 348 
Hydrothermal stage. 9. 162 
Hydrous mica. 327 
Hypabyssal rocks. 30 
Hypautomorphic-granular texture. 18 
Hyper fusible. 9 
Hypermelanic, 33 
Hvpidiomorphic grains, 16 
Hypidiomorphic-granular texture. 18 
Hypersthene 

in granulite. 168, 231. 237, 243. 244 
in hornfels. 195. 196 

Hypocrystalline. IS 

hidings. J. H.. 385 
Idioblastic. 166 
Idioblastic order. 166-167 
Idiomorphic grains. 16 
Idiomorphism of authigenic minerals 
of cement minerals in sandstone, 121, 
324 

of dolomite in calcareous rocks. 324, 351 
of dolomite in chert. 162, 365 
of dolomite in evaporite, 381 
of feldspar in limestone. 324. 155, 356 
of quartz in limestone. 324, 155, 350 
of sidcritc in limestone, 369 
Idocrasc. 191, 191 
Igneous rocks 
classification of. 25-36 
definition of, 3 
origin of. 3 
textures of. 13-23 
Ijolite. 70-72 

lllite. 323-326. 327-329. 331. 335-356. 366 
Imbricate structure. 287 
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liniiialnrc sandstone. 290. 291.2W. .‘'I I 

Immiscibilily of magmas. 5 

Inject ion gneiss. Ida 

hioct-minus prisms and shells, 338, 340 

Insets, 18 

Insoluble residues, 337 
Intergranular texture. 22 
Intermediate igneous rocks. 27 
Intel serial texture. 22 
Intraformation.il conglomerate. 345 
Intiastiaial solution. 264. 272. 100 
Ions 

diffusion of. in inetamorphism. 200. 213, 
217 

packing of. in inctamoiphic situates. 167 
lion-rich sediments. 365-375 
ltonshoi. 372 
Ironstones. 271. 365-366 
Isograd, 161 
Halite. G3 

jacupirangite, 70. 71. 82 
Jadeite, 227, 228 
Jasper. 339 

Johannsen. A.. 30. 33. 34. 383 
Jung. J.. 386 
Juvenile ejecta. 149 

Kaiwckitc, 98 
Kaolin gioup, 328 
Kaolinite. 327 329. 310, 331 
Katungite, 74 
Kelypliitic rims. 21 . 246 
Kentallenite. 64. 63 
Keratophyrc. II. 99 . 101 
Kersantite. 83. 86 . 88 
Keweenawan basalts. 38. 39. 41 
Kimberlite. 79. 246 
Kivitc. 62 

Krumbcin. W. C.. 386 
Krynine, P. I».. 304. 386 
Kulaite. 60 

Kyanitc. 163. 164 . 213. 231, 233. 236. 237. 
215 

Lacustrine sediments, 298. 327 
Lamination 
in mylonites. 202 
in pliyllites. 213 

in schists. 170. 215. 217. 219. 231 
in shales and mudstones. 330. 332 
Lamprophyre. 11,84-92 
Lamprophvric texture. 17. IS 
Lapilli, 149 
Lamite. 191. 192 
I.arvikitc. 114 
I.aterite, 360 
I-atitc. II, 97 
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Laiimontitc in sandstones. 301. 321. 322. 
323 

Lauidalite. 115, 117. 118 
Lauivigitc, 114 

Lawsonitc. 210. 211. 226. 227, 228 

Lemberg’s stain test. 336 
I.epidoblastic texture. 169 
Leptite, 175. 235 
Leptynite. 175, 235 
Leroy. L. W.. 336 
Leucite basalt. II 
Leucitc basanite. 61. 62 
Leucite phonolite. 61, 104 
Leucite tephrite. 61 
I eucite trachybasalt, 105 
Lcucititc. 62-64 
Leucitophyrc. 61, 101 
Leucocraiic. 33 
Leucogabbro. 48 
I herzolite. 78. 79 
Limburgite. 74 

Limestone, 331, 339.312. 313, 315, 316 
aphanitic. 347-349 
authigcnic silicates in. 355-356 
classification of. 335-337 
clastic. 337. 341-347 
composition of. 333. 335 
dolomitic. 349-351 

metamorphism of. 188-195. 201, 205, 
217-218 

methods of petrographic study of, 335- 
357 

oolitic. 341 
organic. 337-341 
textures of. 274. 335 
Limestone conglomerate. 345-346 
Lindgren. W.. 107. 129 
Lineation. 170, 202. 206, 215-217 
Litchficlditc. 117, 119 
Lithic arenite. 285, 293, 294, 302, 304-310. 
322 

Lithic ash and luff. 149, 151, 156 
Lithic graywacke. 294 . 300, 301-304 
Lithic wackc. 291. 292, 301-304 
Lithographic limestone, 348 
Ludwigitc, 190 
I.ugaritc, 69. 70 
Luster mottling. 39. 323 
l.utaceous sediment, 279 
Lutecitc. 358 
Lutite, 279 

Luxullianite, 144. 115 

Macedonite, 98 
Mackie, W.. 254 
Macrocrystalline texture, 277 
Madupite, 75 

Mafelsie, 34 
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Mafic minerals. 33 
Mafic rocks. 34 
Mafuriie, 75 
Magma, 3. 4 

consolidation of. stages in. 9. 10 
evolution of. 5-8 
mingling of. 8. y 
[Military, 4 

Magnesian hornfcls. 180-181. 197. 198 
Magnesian limestone. 335 
Magnesian mat file. 188 189. too. /*;/ 
Magnesite. 333. 381 
in schists. 221 , 224. 225 
Magnesium in organic limestones. 339-340 
Magnesium metasomatism. 198 
Magnetitite. 8| 

Malchite. 88. 89 
Malignite. 65, 66 
Marble 

contact. 188-191 
definition of, 175 
deformation of. 204. 205 
foliated. 217-218. 239-240 
Marine environment. 258-259 
Marl. 268. 270. 327. 335. 348. 359 
Mass transport of sediment. 257 
Matrix in clastic rocks. 278. 290, 291-294 
296. 297-299. 303 

Mature sandstone. 291. 308. 316-321 
Mature soil. 255 
Maturity in sandstones. 296 
Mechanical sediments. 253 
Mediterranean tvpe of igneous lock series 
II 

Medium-grained igneous rocks. 32 
Mcgaphcnocrysts. 18 
Meigen's test, 336 
Meladiorite, 106 
Melagabbro, 49 
Melanocratic. 33 
Melanorite, 49 
Melilitc 

in contact metamorphism. 191. 192 
in igneous rocks, 79. 81 
Melilitile, 75. 76 
Mclteigitc. 70. 82 
Merocrystallinc. 13 
Mcrwinite, 191, 192 
Mesocratic, 33 
Mesotasis. 18 
Metachert. 221. 222. 228 
Metaluminous rocks. 29 
Metamorphic aureole. 162. 177. 229 
Metamorphic differentiation. 170. 212, 227 
Metamorphic fabrics. 166-171 
Metamorphic facies. 171-173 
Metamorphic grade. 161 


Metamorphic rocks 
chemical classes of. 175-176 
classification of. 173-176 
field occiii icnce of. 163-164 
origin of. 3. 163-165 
textuial classes of. 174-175 
Meiamoiphit /ones. 164 
Metamoiphism 
causes of. 163-166 
contact. 163, 177-178. 229 
definition of. 161-162 
dislocation. 164, 199 208 
granite in relation to. 163. 164-165, 229- 
230 

kinematic. 164. 199-208 
phvsical conditions of. 162-163. 172 
progressive. 164, 212-213 
regional. 164-165. 209. 229-230 
retrogressive. 173. 208, 226. 228. 235. 246 
role of deformation in. 163. 165, 200. 209 
role of depth in. 164 
role of fluids in. 163. 164, 209 
role of pressure in. 162, 172. 217 
role of temperature in. 162. 172 
Metasornatic. 3 

Metasomatism in metamorphic rocks 
alkali. 183. 203. 235 
boron. I8S. 190. 237 
carbon-dioxide, 223-225 
fluorine. 188 

in contact metamoiphism, 178 
magnesium. 198 
soda. 225 

Metasomatism in sediments. 264, 349-350, 
364-365 

Miarolitic cavities. 24 
Mica 

distortion of. in sandstones. 286, 309. 311. 
314 

preferred orientation of. 170. 206. 213. 
216. 217. 287. 298. 309. 111. 311 
Mica schist. 168. 213. 214. 215. 216, 231- 
232. 21). 214. 235 

Micro-, a prefix to plutonic rock names, 

32 

Microbreccia. 283. 289. 297 
Micrococpiina. 141. 314 
Microcrystalline texture. 277 
Microgranites. 18. US. 139, 140 
Microgtanilic texture. 18 
Micrographic texture, 21 
Microlites. 13. 14 
Micropegmatite. 10 
in diabase. 46. 47 
phenocryses. 126 
Microphcnocryst. 18 
Microporphyritic texture. 18 
Microstylolite. 264. 276. 142 




Migmatiles, 3. 142, 165, 229-230 
Milner. H. B., 386 
Mineralogy 

as basis of rock classification. 32-35 
of sedimentary rocks, 271-274 
Minette, 18, 58. 85-87 
Missourite. 82 
Mode, 30 
Molasse, 267. 305 

Mollusk shells. 338, 339, 340. 343, 344. 346, 
3 55, 370 

Monchiquite, 85. 90, 91, 92 
Monterey formation. 359, 161 
Monmotithitc. 71 
Monticellice. 89. 191 
Montmorilloniie, 327-329. 331 

Monzonite clan, X5. 93. 111-113 
Mowry formation, 359 
Mud. 280. 326 
Mudstone. 280, 326. 331 

tneiaraorphism of, sre Schists, pclitic. 

Slate 

Mugearile. 40, 43 
Mullion structure. 170 
Murambite. 62 
Muscovite 

in hornfels, 179. 185 

in mica schist. 214, 215, 213, 234 

in slate. 212 

Mylonite, 25. 77, 175. 200 , 201, 202-203 
Myrmekitc, 20. 109, 235 

Nacritc, 328 

Ncmatoblastic fixture. 169 

Ncpheline basalt. || 

Nephcline basanite. 60 
Ncpheline syenites. II. 116-119 
Nephelinite. 62, 63. 75 
N '8Kli. Paul. 30. 386 
Nockolds. S. R.. no 
Nodules 

of chert. 359. 360. 364 
of collophane. 376 
Nomenclature of igneous rocks. 25-36 
Non clastic textures in sediments. 275-277 
Nontronite. 44. 327 
Nordmarkite. Ill, ill 

Norite. 48. 52. 53 
hornblende. 53 
olivine, 50 
<l u anz. 50, 53. 51 
Norm, 30 

Normative classification. 30 
Novaculite. 359 
Nummulitic limestone. 168 

Obsidian, 122. 124 
Occanite. 41 


Ocellar texture. 24 
Odinite, 85. 88 
Okaite. 82 

Oligoclase basalt. II. 43 
Olivine 

alteration of. to iddingsite, 40, 41 
iron-rich, in gabbro, 49. 50 
sinking of. in sills. 41 
Olivine basalt. 40-43 
Olivine chromitite, 78 
Olivine diabase. 43. 44 
Olivine gabbro. 49. 50 
Olivine ilmenitiie, 77 
Olivine norite, 50 
Olisinitc, 241-245 
Omphacite. 228. 244 
Oolites 

deformed. 372. 374 
dolomilizcd. 354 

of aragonite and talcnc. 341-1/', 146 
of chamositc. 170, 371-372. 371. 374 
of collophane. 377. 378 
of hematite, 372-374 
of limonite. 170, 372 
of psrite. 375 
origin of. 344 
Oolitic ironstone. 370-374 
Oolitic limestone. 274. 344, 345, 346 
Opal. 557-358. 359. 361 
Ophitic texture, 19, 20 
Orbicular, 132 
Orcndilc, 105 

Organic car Iron ate. 337. 338, 339-341 
Organic limestone 
bioherm. 338 
biost route. 339 
classification of. 337-339 
containing pyrilc, 334 
dolomilisaiion of. 349. 352-353 
petrography of. 339-311 
reefs of. 337-339 
varieties of. 337. 119, 355 
Organic sediments, 253, 270 
accumulation of. 259 
diatomitc. 359 
limestone, 337-338 
marl. 141 
phosphorite. 376 
radiolarite. 359 
Organisms 

decay of. in sediments. 260. 374-375 
effects of. in diagenesis. 262-263 
Orogeny in relation to meiainorpllisui 
164-166. 229-230 
Oilhoinugniaiic Mage. 9 
Ortliophyric texture. 19 
Oithopyroxenitc. 80 
Orlho«|irail/ite, 321 
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Onhosyenite, 113. 113. 116 
Omctite. 6() 

Osann. A.. 30. 385 
(Mracod marl. )4> 

Ouachitite. 85. 91 
Oseisatmated rocks. 29 
Os ules of collophanc. 377. >7S 

I'acilic type of igneous lock series. 10 
Packing in clastic sediments. 283-287 
Paisanite, 128, I IS. HO 
I’alagonitc. 39. 132. ID 
Paludal sediments. 258 
Panidiomorphic giamilat texture. 17. IS 
Pamellerite, 127. 128 
Parent rock, effect of. on dctrital sedi¬ 
ments. 254. 291. 294. 310 311 
Paulopost alteration, 10 
Pebble. 279 
Pebble phosphate. 379 
Pebbly mudstone. 296 
Pebbly sandstone. 296 
Pcctcn shell, ))8 
Pegmatite. 15. 146-148 
Pcgmatitic stage. 9 
Pelagic organisms, 261. 339 
IVIcs Hair. HO, 152 
IVIc s Teais. 152 
IVIne, 279 

IVlitic hotnfels. 179. 180-181. 182-18 5 
Politic schist. 164; see also Mica schist 
IVlitic sediment. 175. 279 
Pellet limestone. 348. .?5 4 
Pci alkaline locks, 29 
Pci aluminous locks, 29 
Pcriclasc in marble. 189. 190 
Peridotitc. II. 19, 78-80. 202-203. 244 
hornblende, 19. 78-79 
niclilite, 79 

metamorpliism of. 197-198. 202-203. 

223-225. 243-244 
mica. 77. 79 
poikilitic textuie in. 19 
scipcntinizaiion of. 162. 224 
Perlite. 122 
Perthite. 133. 237 
IVrthosite. 101 
Petrographic province. 10' 

Pcttijohn. F. j.. 386 
Phanerile, 14 
Phancritic. 14 
Phcnocrysts, 18 
abnoimal. in lavas. 8. 9 
Phonolite, II. 61. 93. 101-106 
Phosphatic sediments. 373-379 
Pliosphoria foimation, )78 
Phosphorite, 270. 375 
Phyllite. 171. 206. 211. 212. 213 


Phv I Ion itc, 175. 204, 206. 207, 208, 216 
Phyric texture. 18 
Picrite. 74 
Picrite basalt. 40. 41 
Piedinontite schists. 221, 222 
Pigeon ite 
in diabase. 47 

inversion of. to hypersthene. 52 
Pilotaxitic texture. 2) 

I’isolitic ash and tuff. 135 
Pitchstone. H. 122. 127 
IMagioclase 
assimilation of. 8 
crystallization of. 6 

twinning of. in ineiamorpliic rocks. 215. 
219. 243 

zoned crystals of. 8. 94. 95. 108, 123 
Plateau basalts. 38 
Plumasitc. 110 

Plutonic rocks, minerals characteristic of, 
30. 31 

Pneumatolytic stage. 9 
Poikilitic texture. 19, 20 
Poikiloblastic texture. 168 
Polymctamoi phism. 233; see also Meta- 
morphism. retrogressive 
Porcellanite. 154. 268. 270, 327. 359. 361- 
364. )6) 

Porosity 

as a result of crystallization. 275-276 
as a result of solution. 264 
pioduccd by dolomitization, 354 
relation of. to cementation. 314-315, 
118. 321. 347 

relation of. to packing, 283 284. 286-287 
relation of. to sorting. 284 
Porphyritic texture. 18-20 
Porphyt oblasts, 167. 168. 178. 182, 18), 
!8S. 202. 212, 21 5. 219. 235 
I’oi pits roclasts, 201, 203 
Poiphvrv. / 19, 1)8, 1)9 
Post-kinetic gianite intrusions, 229 
Post-tectonic granite intrusions, 229 
Potash rhyolite. 126-128 
Predazzite, 190 

Preferred orientation of giains. 170 
in sandstones. 287-288. 298. 309. )1), 
314. 362 

in shales. 287. 329-332 
of amphibole in metamoiphic locks, 170 
of mica in schist and slate. 170 
of quaitz in mvlonitc and phyllonite. 
202. 207 
Pressure 

as a factor in meiamoiphism. H>2-I63. 

217 

confining. 162 
di reeled. 162 
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hydrostatic, 162 
Pressure shadows in slate. 212 
Primary dolomite. 340 
Primary hematite in sediments. 374 
Prismaline. 2)7 
Propylite, 96. 97 

Protoclastic texture, 25, 54. 130. 131. 204- 
205 

Psatnmitc. 279 
Psanimitic sediment. 279 
Pscphitc, 279 
Psephitic sediment. 279 
Pscudoleucite. 102 
in ijolite. 72 

Pscudoleucite syenite. 120 
Pseudo-oolite. 348 
Pscudotachvlite. 201 202 
Pthanitc, 359 
Pulaskitc, III 

Pumiceous texture, 154. 155 
Pumpellyitc, 205. 211. 221-222. 228 
Pyrile 

in sediments 260. 262. 326. 332. ))4. 

374-375 
in slate. 212 

Pyritic ironstones. 371-375 
Pyroclastic rocks. 119-157. 252 
alteration of. 156-157 
Pvroclastic texture. 25 
Pyrogenctic minerals, 9 
Pyroxene, sodic. in metamorphic rocks. 
227-228 

Pyroxene grmulite. 16s, 2)7, 243. 241 
Pyroxene hornfels. 795, 196 
Pyroxene hornfeis facies, 172. 177, 179, 180 . 
180. 190. 195. 198 

Pyroxenlte. ;o. ho. hi 
Q uartz 

as allogenic mineral, 209. 291 
as basis of rock classification, 35 
authigenic. in limestones. 334, 755, 356 
authigenic. in sandstones. 320. 321-322. 
WJ, 324 

dcformational structures in. 200-201. 217 
in cherts. 358. 361. )62, 364 
inclusions in. 319 
preferred orientation of. 202. 207 
replacement of. in dolomite. 356 
replacement of. in ironstone. 372 
replacement of. in sandstone. 299 
strained. 200-201. 212 , 217. 319 
varieties of. 254. 319 
Quartz-albite schist. 206 
Quartz arenite, 286, 29), 291. 308. 316-321 
Quartz bostonitc. 128 
Quartz-chcrt arenite. 291 
Quartz diorite. 107. 109. 110 


Quartz gabbro. 48 

Quartz grains in sandstones, 291, 319-320 

Quartz gravwacke. 294 

Quartz kcratophvrc. 101 

Quartz norite. 50 

Quartz trachyte, 100 

Quartz wacke, 292 

Quartz xenocrysts in basalt. 41 

Quartzine. 358 

Quart/ite conglomerate. 296 

Quartzofcldspathic granulite. 236, 217 

Quartzo-feldspathic hornfels. 180-181, 184, 

186-187 

Quartzo fcldspathic schist, 175 
Radiolaria 

in argillaceous rocks. 326 
in siliceous rocks, 359. 360, 362, )6), 364 
Radiolarian earth. 359 
Radiolaritc, 359. 360 
Rankinite. 191 
Rapakivi texture. 131. 132 
Rastall. R. II.. 386 
Rate of deposition 
effect of. on diagenesis, 263 
effect of. on sorting of dctrital sediments, 
260. 289. 320 

tectonic control of. 265-266 
Rate of erosion 

effect of. on composition of sediment, 
253. 290. 305. 314 
effect of. on rate of deposition, 255 
Reaction talcs in inciatnorphism, 163, 164 
Reaction rims. 20. 21 
Reaction scries, igneous, .5. 6 
Rccrystalli/ation in metamorphism, 166, 
167. 178-179. 199-200 

Rccnstallization in sediments, 263, 261, 
275-276. 279. 331 
of anhydrite. 380 
of calcareous fossils. 311 
of carbonates. 262, 318, 311. )l), 348. 

354. 369 
of clay. 311. 331 
of collophane. 375-376 
of glauconite. 366-367 
of matrix in gravwacke. 298-299, 314 
of opal. 358. 361. 362 
of saline deposits, 380 
Red beds. 262 
Red mudstone. 326 
Red shale. 326 

Refractive indices ot volcanic glasses, 28 
Relative stability of minerals in sediments. 

271-272 

Relic minerals. 172, 206, 207 
Relic textures in metamorphic rocks, 168, 
171. 178-179. 196 
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Replacement in sediments 
during diagcncsis. 264 
in non-clastic fabrics. 276 
of anhydrite by gypsum. 380 
of barite by gypsum. 38) 
of calcite and aragonite by dolomite 
264. 349. 351. 354 
of calcite by collophane. 378 
of calcite by hematite. 374 
of calcite by sidcrite, 369. 370 
of carbonates by chert. 264. 355. 358. 

360. 362. 363. 364-365 
of chamosite by siderite. 370. 371. 372 
of dolomite by anhydrite, 381 
of dolomite by calcite. 354 
of limestone by silicates. 355-356 
of plagioclase by laumontite. 301 
of silicate grains by calcite. 298, 503. 308. 
315. 322. 356 

of silicate grains by matrix, 298-299 
Residual arkose. 311-312 
Residual deposits, 255. 258 
Rcticulitc, 152 

Retrogressive metamorphism, 173. 208.226. 
228. 235. 246 

Rhomb porphyry, 104, 118 

Rhyodaciie, 121. 126 

Rhyolite. II, 14. 121. 125, 126-129 

Rock salt. 379-380 

Rockallite, 139 

Rod-shaped particle. 281 

Rodgers. John. 336 

Roques. M„ 386 

Rosenbusch. H.. 16. 17. 30. 385 

Roundness of particles. 256. 261. 280-281. 

282. 320 
Rubble. 280 
Rudaccous sediment, 279 
Ruditc, 279 
Rutile 

in cclogitc. 245. 246 
in glaucophanc schist. 228 
in slate, 212 


Saccharoidal texture. 17 
St. Peter sandstone. 286, 320 
Saline deposits, 379-380 
Sand. 279-280. 285 
Sandstones. 270. 279-280. 289-324 
classification of. 290-297 
deformation of. 202. 205 
metamorphistn of. 175-176. 186. 187.205 
Sandy limestone, 268. 270, 334. 335 
Sandy shale. 270 

Sanidinitc facies. 172. 177. 180. 181. 190-191 
Sapropelic deposits. 260. 375 
Saturated minerals. 28 


Saturated rocks. 29 
Sea polite 

in calc-schist. 2)9, 240 
in hornfels. 19), 194 
Scavenger, effects of. in diagencsis. 263 
Schist arenite. 294 
of Siwalik series. 304-305 
Schist conglomerate, 296 
Schist wacke. 292 
Schistosity 
definition of. 168 

development of. 206-207. 212-213. 215- 
217. 231.236 
properties of. 168-170 
Schists. 174 

basic. 210 

calcareous. 210. 214, 217-218 
fabric of. 206 
ferruginous. 221, 222 
glaucophane. 209. 210. 211. 225. 226, 227- 
228 

high grade. 231-236 
lamination in. 215-217 
lineation in. 206, 215-217 
low grade. 209-211. 213-228 
magnesian. 169, 210. 211. 22 ), 224. 225 
manganiferous. 221, 222 
occurrence of. 209. 229 
politic. 168, 210. 211, 213-217. 231-235 
quartz-albite. 206. 214-215 
quartzo-fcldspathic, 169, 210. 214-215. 

216. 235-236 
spotted. 179, 185, 186 
talc. 169, 209. 22 ), 224 
•Scoria. 152. 15) 

Sedimentary environments, 258-262. 263- 
267 

Sedimentary rocks 
classification of. 268-271 
distinguished from igneous rock, 251- 
252 

distinguished from metamorphic rock. 

251-252. 263 
formation of. 253 
mineralogy of. 271-274 
texture of. 274-288 
Segregation bands in schists, see Lamina¬ 
tion 

Selective transportation, 256 
Selenite. 384 
Semischist. 205, 214, 216 
Serpentine arenite. 294, )09 
Serpentine minerals, 224 
Serpentinite. 82 -84 
association of. with glaucophane. 225 
contact mctainorphism of. 197 
high-grade metamorphism of. 241-245 
Serpent inizat ion, 162, 188,223-221 
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Settling of crystals, 7. 41. 42 

Shale, 270, 326. 330-332. 359 

Shand, S. J., 28. 29. 31. 33. 35. 79. 80. 385 

Shape of sand grains. 256. 280-281, 282 

Shells composed of carbonate. 339-341 

Shonkinite. 11, 65. 66 

Siderite. 333. 368-369 

Siderite mudstone. 369 

Sideritic ironstones. 368-372 

Sidcritic limestone. 369 

Sideromelanc. 39 

Sieve texture. 25. 168 

Silexite, 359 

Silica 

in sediments. 269. 357-358. 359. 360-361, 
)62 

saturation in. 28. 29 
Silica-carbonate rock. 84 
Silica content as basis of rock classification. 

27-29 
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206, 207, 208. 212-213. 216 
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